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Abstract
To complement the clinician's subjective evaluation of voice disorders, it is desirable
to develop quantitative methods for objectively assessing the vocal function of voice
patients. These objective measures can potentially be used to document the efficacy
of various treatments such as surgery and voice therapy, and to provide valuable
insights into underlying mechanisms.
Aerodynamic and acoustic features were studied for 14 women with vocal-fold
nodules and 12 women with no history of voice problems. Features were examined
for group differences and discriminatory power. Speakers with vocal nodules achieved
relatively good sound characteristics despite aberrant aerodynamics. Linear discrim-
inant analysis was used to combine different sets of features to classify vowel tokens
from the two groups. The best error rates of about 4% were achieved with aerody-
namic features, with subglottal pressure and open quotient as the most useful features.
Acoustic features could at best achieve an error rate of about 24% in classification.
Speakers with vocal nodules commonly use greater effort to speak. This increased
effort is reflected in their use of higher than normal subglottal pressures to pro-
duce a particular sound pressure level (SPL). The SPL for these speakers is lower
on average by about 4.5dB for a given subglottal pressure. The SPL may be low
because of decreased Maximum Flow Declination Rate (MFDR) of the glottal flow
waveform, increased first formant bandwidth, or increased spectral tilt. A modified
two-mass model of vocal-fold vibration suggests that the MFDR is decreased because
of increased coupling stiffness between the masses and the presence of nodules which
interfere with the normal closure activity of the vocal folds. The presence of nodules
results in lower MFDR and loss of high frequency energy. Compensation by increasing
the subglottal pressure restores the SPL and high frequency energy. However, obser-
vations of the behavior of the model show that energy dissipated during collision is
increased, suggesting greater potential for trauma to the vocal-fold tissues.
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Chapter 1
Introduction
There are many types of speech disorders, including voice disorders, cleft palate,
phonological disorders, neuromotor disorders, etc. Voice disorders are caused primar-
ily by a disturbance or loss of normal laryngeal function. Such deficits in laryngeal
function produce disturbances in voice quality which have been described percep-
tually with adjectives such as hoarse, breathy, harsh, gravelly, etc. Voice disorders
by themselves do not involve any deficiency in the control of the major articulators
in speech such as the tongue body, blade, lips, and jaw, nor do they involve faulty
representation of phonological or linguistic units in the brain.
Most people do not realize how important their voice is until they experience
difficulties in producing it. Vocal disturbances can be complete (aphonia), or the
voice may be weak or have a poor sounding quality (dysphonia). Since speech is
the primary means by which many people communicate with each other, voice loss
can have a big impact on their lives. In addition, for some people, their livelihood
depends on their being able to speak or sing, and it is of extra importance that they
can recover or maintain their voice.
Voice disorders can be caused by a lesion on the vocal folds such as nodules, polyps,
granulomas, or carcinoma, in which case they are referred to as an organic pathology.
In the absence of an apparent lesion on the vocal folds, the pathology is labeled
functional and is most likely due to an inappropriate balance of activity of muscles
involved in voice production. The two categories may have complex interactions. For
example, vocal hyperfunction and muscular tension dysphonia may initially exhibit
no overt lesion but are thought to be precursors to the development of nodules.
Conversely, the presence of a lesion which makes phonation harder may cause a person
to compensate in ways that become hyperfunctional, so that even after the lesion
is removed by surgery, the person may still be hyperfunctional and unable to talk
normally until this pattern of behavior is altered by voice therapy.
1.1 Voice Source Modeling and Analysis
This thesis is motivated by two general objectives:
1. Objective assessment of vocal function in voice pathologies.
2. Understanding the pathophysiology of voice pathologies through modeling.
1.1.1 Objective Measures of Voice
Clinical evaluation of a patient with a voice problem can include several types of
assessments. The most common type of assessment involves the use of a laryngeal
mirror or endoscopy to visually examine the larynx. Sometimes a stroboscopic light
source is used with endoscopy to examine vocal fold vibration, and a recording is
made on video tape.
Additional, more objective vocal function tests can include include aerodynamic,
acoustic, and electroglottographic assessments. Voice evaluation also includes audi-
tory perceptual assessment of voice quality by the examining clinician. All assessment
information, including patient history, is integrated to make a diagnosis and to plan
treatment. Treatment may involve combinations of voice therapy, medical therapy,
and surgery.
The voice quality of the patients has to be evaluated to assess whether the goals of
the treatment are achieved. To complement the subjective evaluation of the patients'
voice quality made by trained voice pathologists, objective quantitative measures of
vocal function are also needed to evaluate the patients before and after surgery or
voice therapy and to provide documentation of the efficacy of the treatment.
Different people judge voice quality differently and the terminology they use also
differs, making it hard to make comparisons between different clinics and patients
and also to assess the effects of treatment on a patient. The study of voice disorders
with objective measures such as those derived from acoustic and aerodynamic signals
can help to quantify the severity of the disorders and possibly to gain insights into
underlying pathophysiologic and/or etiologic mechanisms.
Objective measures can be used to judge whether a patient's vocal parameters
are within normal limits as determined from a normal population control. They can
also be used to help monitor treatment and to assist decisions about when to stop
treatment. In addition, they can provide biofeedback for patients undergoing voice
therapy. Another use is to evaluate results of new surgical techniques and to help
guide improvements of the surgical procedures.
As outlined by Hillman et al. (in press), the principles behind the use of objective
measures include the following. Objective measures are supplemental tools used as
part of a comprehensive, integrated evaluation and are not stand-alone results. They
are used to complement clinical judgement and not replace them. They provide
quantitative documentation of vocal function which may be used to assess treatment
efficacy. They are best used in the setting of a multidisciplinary team.
The following goals can be achieved through the appropriate use of objective
measures in the care of the voice patient. The diagnosis can be more accurate and
thorough, supported by many different concurring pieces of data. The impact of
the disorder on vocal function can be better quantified. Treatment efficacy can be
assessed with objective documentation. They can also be used to help in the design
of improved surgical procedures.
1.1.2 Modeling
Not only can objective measures such as aerodynamic and acoustic measures be used
to evaluate patients, but also any differences from the normal population may re-
flect the physics of the disordered system and may tell us how the system has gone
wrong. Through modeling, we can try to understand this system and also compen-
sation strategies used by patients to overcome the pathology. In particular, we use
two types of models: (1) models of relationships between aerodynamic and acous-
tic measurements and (2) computer simulation of the two-mass model of vocal fold
vibration.
1.2 Goals
In this thesis we make a first attempt to further develop objective measures of voice
by focussing on a single voice pathology: vocal-fold nodules. Nodules are one of the
most common pathologies encountered by the voice clinic.
We compare a group of normal women speakers with a group of women who have
vocal-fold nodules for whom extensive acoustic and aerodynamic recordings have been
made for a number of utterances. The aim is to develop a set of acoustic parameters
that can be interpreted in terms of mechanical and aerodynamic mechanisms of vocal-
fold vibrations, for the purpose of assessing the vocal function of patients with vocal-
fold nodules.
Some of the questions addressed include: What are the differences in the way that
speech is produced by the nodule patients? How do these differences show up in flow
and acoustic measurements? Can vocal-fold models be developed to account for the
aerodynamic and acoustic data from these patients?
Because aerodynamic measures can only be obtained when wearing a Rothenberg
mask or its equivalent, the speech may not be very natural. In contrast, acoustic mea-
sures are less disruptive since they are obtained simply from speech recordings using
a microphone. Thus it is important to correlate acoustic and aerodynamic measures
and to try to develop interpretations of the acoustic measures so that we can under-
stand what is going on without resorting to aerodynamic measurements. Another
advantage of using acoustic measurements versus Rothenberg mask measurements is
that certain characteristics can only be observed from the acoustic data and not from
the mask measurements.
The first goal of the thesis is to characterize the aerodynamic and acoustic dif-
ferences for patients with nodules. We examine for each feature the magnitude of
the differences and the amount of variation within the normal group and the nodules
group. Models are also used to explain these differences.
Patients with vocal-fold nodules use excessive subglottal pressure to produce a
certain sound pressure level (SPL). A model based on the two-mass model of vocal-
fold vibration is used to explain this discrepancy in the pressure-SPL relationship.
The model is also used to try to understand the mechanism of the pathology and
therapeutic implications through energy considerations.
1.3 Main Contributions and Outline
In this thesis, a detailed study is made of aerodynamic and acoustic features for a
group of 14 women with vocal-fold nodules. We present both the aerodynamic and
acoustic results and show the magnitude of the difference from a normal group for
each feature. Through discriminant analysis, we try to determine the best way to
distinguish speakers with vocal nodules from normal speakers. We also show that
acoustic features are not as effective as aerodynamic measures in separating the two
groups. Through the use of models we show that these differences are reasonable and
that the speakers with nodules are able to achieve relatively good acoustics despite
aberrant aerodynamics.
We also modify the two-mass model to incorporate the effects of nodules in order
to explain some of the aerodynamic and acoustic observations. Energy considerations
are used to determine the efficiency of transducing aerodynamic into mechanical en-
ergy and to evaluate the amount of energy dissipated during collision to produce a
particular SPL. To our knowledge, no model of this kind has ever been reported to
describe vocal-fold nodules.
Chapter 2 discusses the background of voice production and some of the aerody-
namic and acoustic concepts, relationships, and equations to be used in this thesis.
Chapter 3 presents the aerodynamic and acoustic results from the two groups of nor-
mal speakers and speakers with vocal nodules. Chapter 4 introduces the two-mass
model and inserts modifications to account for nodules. Chapter 5 concludes the
thesis with a summary, and highlights again the contributions of this thesis, as well
as further directions for research.
Chapter 2
Background
Vocal-fold nodules belong to a larger class of "hyperfunctional" voice disorders which
also include vocal-fold edema, vocal-fold thickening, polyps, and contact ulcers
(Hillman et al., 1989). Studying patients with vocal-fold nodules may improve our
understanding of the related disorders as well because similar issues and models may
be relevant.
In this chapter, some background about normal speech production and that asso-
ciated with vocal-fold nodules is given. In Section 2.1, some information which reflects
current understanding about vocal-fold nodules is cited. Section 2.2 discusses recent
work studying these patients with objective aerodynamic measures. In Section 2.3,
the use of acoustic measures is briefly discussed. Finally, Section 2.4 presents some
models about vocal-fold vibration which relate the mechanical vibration of the vocal
folds to the glottal flow, and the glottal flow to the acoustic output (speech).
2.1 Vocal-Fold Nodules: Some Facts
In adults, nodules occur most frequently in women between the ages of 20 and 50
years. Nodules are localized benign growths in the middle of the membranous vocal
folds, usually thought to be the result of vocal misuse or abuse. They are a reaction of
the tissue to the stress induced by frequent and forceful oppositional movement of the
vocal folds. In the early stages when a nodule is formed, it is soft and fairly pliable,
but after prolonged abuse it becomes firm, hard, and fibrosed. Chronic nodules are
usually bilateral but not always symmetrical in size. Histologically, the lesion is found
to be in the superficial layer of the lamina propria and consists primarily of edematous
tissue and or collagenous fibers. (Colton, 1990)
Figure 2-1 shows a sequence of 20 stroboscopic images of vibrating vocal folds.
Using the acoustic signal as a trigger, the strobe slows down the apparent motion
of the vocal folds so that 20 images represent one average cycle of vibration. The
images show that the nodules are fairly small and are located in the vicinity of the
middle of the vocal folds. The nodules are often the first portion of the vocal folds
to make contact during the collision and the last to leave contact during the opening
phase, probably due to a sticky contact force that may be contributed to by mucus
which tends to collect on the nodules. The vocal folds never make a complete closure,
with a slit of residual opening, known as the chink, at the posterior end. In some
cases, there is also a small chink anterior to the nodules. This chink area results in
a non-zero minimum flow component during the closed portion of the cycle, and can
also lead to increased bandwidth of the first formant, as will be discussed later in
Section 2.4.6.
The primary voice symptoms of nodules are reported to be hoarseness and breath-
iness. Patients may also complain of soreness in the muscles of the larynx and throat
(probably secondary to hyperfunction) or of difficulty in producing pitches in the up-
per third of their range. This difficulty is especially evident for singers. The degree
of hoarseness or breathiness is usually dependent on the size of the nodule and may
vary from slightly to moderately severe.
The following are acoustic signs associated with the presence of nodules:
* increased frequency and amplitude perturbation
* range of phonational frequency may be reduced, especially at the upper end
* reduced dynamic range through inability to produce high sound pressure levels
(SPLs)
Nodule
Chink
Posterior
Anterior
Figure 2-1: Sequence of stroboscopic images of the vibrating vocal folds with nodules.
* increased noise in spectrum; level of noise depends on severity of hoarseness and
lesion size
* little effect on average fundamental frequency of phonation in natural speech
Nodules increase the mass of the cover of the vocal fold. The stiffness of the
cover is increased by a hard and firm nodule and decreased by a soft and pliable
one (Hirano, 1981). The mechanical properties of the transition layers and the muscle
are not affected by the nodule. It is claimed that the extra mass at the midpoint
of the vibrating vocal folds results in increased aperiodicity of vibration, greater
frequency perturbation and greater hoarseness (Colton, 1990). Depending on the size
of the nodule, glottal closure is also affected. Incomplete closure permits increased
air escape, resulting in the perception of breathiness. An extreme case of incomplete
closure involves the "hourglass" configuration of the vocal folds, where the only parts
that ever touch during the vibratory cycle are the nodules and there are gaps anterior
and posterior to the nodules.
2.2 Aerodynamic Measures
Aerodynamic measures obtained with a Rothenberg mask (Rothenberg, 1973) have
been used to characterize speech of both normal speakers and hyperfunctional speak-
ers and to provide additional understanding of voice production in both groups.
(Holmberg et al., 1988; Hillman et al., 1989; Hillman et al., 1990; Hertegard and
Gauffin, 1991; Sapienza and Stathopoulos, 1994)
The Rothenberg mask is a low-impedance mask which makes a complete seal
around a person's nose and mouth. A differential microphone measures the airflow
from the mouth during speech. The airflow signal is inverse-filtered to derive a glot-
tal volume velocity waveform. Figure 2-2 shows a schematic of the glottal volume
velocity flow waveform and its derivative. Various features can be extracted from the
waveforms. Among the important aerodynamic features considered in this thesis are
the following:
* Subglottal Pressure: (not shown in picture) the air pressure below the vocal
folds which serves as the source of the driving force for vocal fold vibration.
* Average Flow: (not shown) the average glottal volume flow. It depends on
the minimum flow, AC flow, and the open quotient.
* Minimum Flow: minimum value of glottal flow. A nonzero minimum flow is
associated with incomplete closure of the vocal folds, and the residual area is
known as the chink area.
* AC Flow: peak-to-peak amplitude of the glottal flow waveform, reflecting
magnitude of vocal fold oscillation. It also depends on the subglottal pressure.
* Open Quotient: ratio of time the vocal folds are open relative to the entire
period of vibration. The adduction quotient is one minus the open quotient,
and is the ratio of time the folds are closed.
* MFDR (Maximum Flow Declination Rate): maximum negative slope of the
glottal flow waveform, associated with the abrupt adducting movement of the
vocal folds and is related to the level of the output sound pressure.
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Figure 2-2: Definition of the aerodynamic features associated with the glottal flow waveform
U (t) and the flow derivative waveform dUg/dt. The Maximum Flow Declination Rate
(MFDR) is indicated on the flow derivative waveform. The vertical dotted line indicates how
the derivative would appear if abrupt closure had occurred. [courtesy of Hanson (1995).]
Hillman et al. (1989) reported aerodynamic variations of two hyperfunctional pa-
tients with nodules from normal speakers: higher transglottal pressure, higher mini-
mum flow, higher AC flow, higher peak flow, and higher maximum flow declination
rate (MFDR). A measure was regarded to be higher than normal if the larger of the
Z-score or the regressed Z-score is bigger than 2.1 SPL and FO were found to be within
normal range for both subjects with nodules. The higher AC flow and MFDR were
'The Z-score is defined to be the difference between the observed value and the normal group
mean, divided by the normal group standard deviation. The regressed Z-score is defined to be the
difference between the observed and predicted values, divided by the standard error of estimate from
regression with SPL and FO. Multiple regression analyses were performed between each measure
and SPL and FO. (Hillman et al., 1989)
thought to suggest increased potential for vocal-fold trauma due to high vocal-fold
closure velocities and collision forces.
Gauffin and Sundberg (1989) showed that the MFDR can predict the sound pres-
sure level of a vowel. Fant and Lin (1988) showed that in the LF-model2 of the
glottal flow, the excitation amplitude (analogous to the MFDR) is linearly related
to the amplitude of the formants. If the first formant is the primary determinant of
SPL (as when it dominates over all other harmonics), given the same fundamental
frequency and first formant bandwidth, the SPL is expected to be proportional to
20log(MFDR).
However, Hillman et al. (1989) reported that "the [expected] relationship between
MFDR and SPL did not appear to hold for patients with nodules and polyps. None
of the patients who displayed abnormally high MFDR had proportionally elevated
SPL levels." Thus there appears to be a subclass of speakers with vocal-fold nodules
who have increased MFDR but do not have a "proportional" increase in SPL. One
aim of this thesis is to study two other major factors besides the MFDR which can
affect the SPL: the first formant bandwidth and the spectral tilt. These concepts will
be described in more detail later.
2.3 Acoustic Measures
Acoustic spectral measures can complement the aerodynamic measures, particularly
in the high frequency regions. Hanson (1995) and Klatt and Klatt (1990) offer insights
on how to interpret glottal behavior from speech spectra. Hanson (1995) reports
normative data for various acoustic measures for female speakers and also shows
some speaker group differences. These measures include H1*-A1, H1*-A3*, H1*-H2*,
B1 estimated from the time waveform, and subjective noise level judgment of the
speech waveform filtered with a bandpass filter centered around the third formant.3
2The LF-model, named after Liljencrants and Fant, is a parametric model which fits an expo-
nentially growing sinusoid waveform and an exponential decaying waveform piecewise to the glottal
flow derivative. (Fant et al., 1985)
3H1 = amplitude of the first harmonic; H2 = amplitude of the second harmonic; Al = amplitude
of the harmonic closest to the first formant; A3 = amplitude of the harmonic closest to the third
Figure 2-3 shows an example of the spectrum of a speech signal of a vowel which
has been multiplied by a 25.6ms Hamming window. The periodic peaks are harmonics
due to the periodicity of the speech signal within vowels when the vibration of the
vocal folds serves as the sound source. The various prominences in the overall shape
are due to the resonances of the vocal tract. The acoustic features studied in this
thesis are the following:
* SPL: sound pressure level.
* FO: fundamental frequency.
* Hi-Al: difference in amplitude of the first harmonic and the amplitude of the
harmonic closest to the first formant. A measure of the first formant bandwidth
B1 since Al is smaller with larger B1.
* H1-A3: difference in amplitude of the first harmonic and the amplitude of the
harmonic closest to the third formant. One measure of spectral tilt (relative
amplitude of high frequency energy.)
* Al-A3: difference in amplitude of the harmonic closest to the first formant and
that closest to the third formant. Another measure of spectral tilt.
* H1-H2: difference in amplitude of the first two harmonics.
Care must be taken in interpreting the spectra of the acoustic signal when it is
recorded at the same time as the aerodynamic signals, with the Rothenberg mask in
place. In particular, it has been reported that the transmission characteristics of the
mask are flat within 6dB for speech range frequencies, except for a pronounced dip
around 1.6-2.6 kHz (Rothenberg, 1973). Hertegard and Gauffin (1992) showed that
the dip can be moved up in frequency (to 3 kHz) by filling the nasal part of the mask
with plasticine. Because of this zero introduced by the mask, it is difficult to know
whether the presence of a pole-zero pair in the 1.7 kHz or 2.4 kHz region is due to
tracheal coupling or to the mask.
formant; B1 = bandwidth of the first formant. * indicates correction for the location of the formants.
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Figure 2-3: Example of the acoustic features associated with the speech spectrum of a vowel.
The acoustic features are measured from the lower curve, which is the spectrum with a time
window of 25.6 ms. The upper curve is a smoothed and offset version of the spectrum, and
is not used to determine the amplitude of the labeled acoustic features.
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Both aerodynamic and acoustic measures vary in a systematic way depending on
the loudness of the speech or the effort of the speaker (Holmberg et al., 1988; Holmberg
et al., 1995). These variations need to be taken into account when interpreting these
measures.
2.4 Modeling
In order to relate the aerodynamic and acoustic measures previously described, it is
necessary to have a model of how the vocal folds vibrate and how the flow and acoustic
measures relate to each other quantitatively. By understanding the relationships
among the mechanical vibratory pattern, the resulting glottal flow, and the acoustic
output, we can try to relate deviant acoustic and aerodynamic measurements to
abnormal vocal-fold vibratory patterns.
Section 2.4.1 discusses an approximate relationship for the subglottal pressure,
glottal area, and glottal airflow. Some features of the glottal airflow are described.
Section 2.4.2 shows that the derivative of the glottal airflow can be thought of as
the effective excitation source for the acoustic sound output. Section 2.4.3 discusses
the different factors which can affect the SPL of speech. Section 2.4.4 relates the
AC flow, which has been reported to be high for nodule patients, to the acoustic
measure HI. Section 2.4.5 cites a model for relating the degree of incomplete closure to
acoustic measures of bandwidth, spectral tilt, and high frequency noise. Section 2.4.6
shows the equations used for estimating glottal areas and bandwidth increases due to
glottal losses. Finally, Section 2.4.7 points out some problems of the inverse filtering
procedure which is performed on the high-bandwidth flow signal measured at the
mouth to derive the glottal airflow.
2.4.1 Vocal-Fold Vibration
During voiced speech, the vocal folds vibrate in a way that allows periodic puffs of
air to be produced. This periodic glottal flow is the source of excitation for the vocal
tract during phonation.
However, the vocal folds do not vibrate unless the lung pressure is above a certain
threshold. The phonation threshold pressure (Pth) is defined to be the minimum lung
pressure required to initiate phonation. Titze (1992) shows that previous studies have
come up with a value for Pth of around 3 - 4 cm H20. In addition, Titze (1988) has
shown theoretically that small oscillation around a rectangular prephonatory glottis
can be sustained only if the mean subglottal pressure exceeds a threshold of
Pth = ktBcro/T, (2.1)
where kt is a transglottal pressure coefficient, c is the mucosal wave velocity in the
vocal-fold cover, T is the vocal fold thickness, B is the mean damping coefficient for
mechanical vibration in the tissue, and ro is the prephonatory glottal half-width.
The mucosal wave velocity c is related to the compliance of the superficial layer of
the lamina propria of the vocal folds ((Hirano, 1975), as cited by Titze (1992)). An
increased stiffness due to a hard and firm nodule is then likely to increase c, decrease
the vertical phase difference between the upper and lower portions of the vocal folds,
and increase Pth.
Pth can also be increased by an increase in the transglottal pressure coefficient,
tissue damping, or prephonatory glottal half-width. It is possible that the presence
of nodules can lead to increased damping and thus increased Pth. The transglottal
pressure coefficient may also be affected by the presence of nodules.
It is not clear what the value of the prephonatory glottal half-width is when the
vocal folds are in an "hourglass" configuration, where the only parts touching are the
nodules and there is a gap along the rest of the vocal folds. If lo is taken to be the
half-width of the vocal folds averaged along the length of the vocal folds, the value for
the "hourglass" configuration is likely to be much larger than that for normal vocal
folds.
Titze et al. (1995) state that "a slight separation of the vocal folds seems to
have an advantage over firm approximation, or worse, a pressing together of the
folds" because pressed vocal folds leads to a higher phonation threshold pressure,
even though 77o is decreased. This effect is not reflected in Equation 2.1, which is
only valid for small amplitude oscillations. Titze et al. (1995) state that in this
case, "collision takes over in portions of the vibratory cycle, which invokes an entirely
different set of nonlinearities and energy dissipation mechanisms." Thus if the portion
of the vocal folds with nodules were in a pressed configuration to compensate for the
incomplete closure in the "hourglass" configuration, Pth may also be increased.
The basic process of vocal-fold vibration is seen in Figure 2-4, which shows a
schematized cross-section of the vocal folds over one cycle of vibration and the areas
of the lower and upper edges. The glottal area can be assumed to be the curve
delimited by the minimum of the areas of the upper and lower edges.
When the vocal folds are vibrating, an approximate relationship between the
transglottal pressure gradient, the glottal area, and the pulsatile glottal flow is given
by: (Titze, 1992)
pU2
AP - Pth = , (2.2)
where APg is the transglottal pressure, Pth the phonation threshold pressure, Ug(t)
the time-varying volume flow rate through the glottis, and Ag(t) the time-varying area
of the glottis. If the transglottal pressure APg and Pth are assumed to be constant,
the airflow is roughly proportional to the glottal area.
Figure 2-2 shows a schematized version of the glottal airflow and its derivative.
Several features of the glottal airflow can be described by the DC flow, AC flow, peak
flow, open quotient ((tl + t2)/T), speed quotient (tl/t2), closing quotient (t2/T),
maximum flow declination rate (MFDR), and return time constant.4 With the pres-
ence of a glottal chink, the glottal flow is not cut off abruptly. The return time
constant can thus be increased because of the presence of a glottal chink at the pos-
terior end of the vocal folds or if there is incomplete closure of the vocal folds due to
the presence of nodules. A larger return time constant will result in a larger spectral
tilt which may be reflected in acoustic features such as H1-A3 or A1-A3. (Hanson,
1995)
4Note that the DC flow and the minimum flow refer to the same thing.
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Figure 2-4: Schematic of the vocal folds during one cycle of vibration and the resulting
cross-sectional area of the glottis. (From (Stevens, in press). Note that the top figures are
schematized from dog larynx observations and are from (Baer, 1975).)
2.4.2 Source-Filter Model
In the linear source-filter theory of voice production, the glottal volume velocity flow
serves as a source which excites the vocal-tract represented by an all-pole transfer
function. The output is further multiplied by the radiation characteristic to obtain
the output sound pressure at a distance from the speaker. The radiation character-
istic acts like a differentiator, and because the system is linear time-invariant, this
differentiator can be applied to the glottal source prior to the input to the vocal-
tract transfer function. Thus the sound output at a distance from the mouth can
be thought of as the result of the differentiated glottal flow waveform applied to the
all-pole transfer function of the vocal tract.
The waveform of this effective glottal excitation source has two main features.
One is the negative pulse with a rapid negative rise and an abrupt fall to zero. The
other is the slowly varying positive portion prior to the negative pulse. The MFDR
forms the main source of acoustic excitation of the vocal tract and is therefore the
primary determinant of the SPL.
2.4.3 Determinants of the SPL
An empirical relationship has been observed between SPL and the subglottal pressure
for normal speakers: the SPL increases at a rate of 8-9 dB per doubling of excess
pressure over threshold pressure (Titze and Sundberg, 1992). This relationship can
also be expressed as:
3
SPL = 20 loglo(P,) + constant. (2.3)
This relationship is very rough and may vary considerably: Titze and Sundberg (1992)
reports that "for the same excess pressure over threshold, professional tenors produced
10-12dB greater intensity than the male nonsingers, primarily because their peak
airflow was much higher for the same pressures."
The SPL is determined primarily by the largest few harmonic peaks in the power
spectrum because they are usually at least two times larger than the other harmonics.
In a normal spectrum, the largest harmonic is usually the harmonic closest to the first
formant, whose amplitude is defined as Al.
A higher MFDR should lead to a higher first formant amplitude (Al), given
the same first formant bandwidth (Bl). Fant and Lin (1988) derived the following
equation for the amplitude of the first formant, assuming an abrupt return phase:
Fo pAl = E 2 (2.4)
where E, is the main excitation (usually corresponding to the MFDR), Fo is the
fundamental frequency, B1 is the first formant bandwidth, and r is the distance from
the microphone. Note that Al is the amplitude of a harmonic centered exactly on
the first formant frequency.
If the return phase is not abrupt, the spectral tilt is increased; if the spectral tilt
is large enough and extends into the first formant (Fl) region, it can also affect Al.
This possibility is illustrated in Figures 2-5 and 2-6. Figure 2-5 shows the spectra
on the left panels and the time waveforms on the right panels of vowels synthesized
using formant synthesis (Klatt and Klatt, 1990). The sources used for synthesis of the
three vowels are shown in Figure 2-6, again with spectra on the left panels and time
waveforms on the right. Notice that the three sources have similar Ee, but different
return phases. The top panel shows an abrupt return phase, with increasingly more
gradual return phases in the bottom two panels. The more gradual return phase is
associated with a loss of high frequency energy (or increased spectral tilt), as shown in
the left panels. Thus although the sources have similar E,, the spectra in Figure 2-5
have different Al because they have different spectral tilts.
The first formant bandwidth B1 is determined by losses due to heat conduction,
viscosity, and yielding walls of the vocal tract, and by losses at the glottis. Thus
B1 can be increased due to incomplete glottal closure. As B1 is increased, the peak
harmonic around Al will become smaller in comparison to the adjacent harmonics.
The adjacent harmonics will begin to contribute more to the calculation of the SPL.
In comparing two spectra, given the same Al, the SPL will be larger for the one with
the bigger Bl.
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Figure 2-5: The three spectra of synthesized speech illustrate the effects of spectral tilt on
the SPL. In the top figure, the relative overall level (56dB) is determined by Al. In the
middle figure, as spectral tilt is increased and Al becomes comparable to H1, the overall
level (48dB) is determined by both H1 and Al. In the bottom figure, with an even larger
spectral tilt, Al becomes much smaller than H1 and H2, and does not contribute much to
the overall level (48dB), which is determined by H1 and H2.
DFT
win:25.6ms
FO = 100 Hz
Rms = 54 dB
Spectro
win:25.6ms
FREQ AMP
166 55
s2
250.Oms
samples/sec:
10000
kHz
DFT
win:25.6ms
FO = 100 Hz
Rms = 56 dB
Spectro
win:25.6ms
FREQ AMP
156 58
s3
250.Oms
samples/sec:
10000
kHz
DFT
win:25.6ms
FO = 100 Hz
Rms = 58 dB
Spectro
win:25.6ms
FREQ AMP
142 60
6000W
-3000
-6000
6N
300
-3000
-6000
600
300
-3000
-00s4
250.Oms
samples/sec:
10000
kHz
244 246 248 250 252 254 256 ms
244 246 248 250 252 254 256 ms
S I I I I 254 256 ms
244 246 248 250 252 254 256 ms
Figure 2-6: The glottal flow derivatives, produced by the Klatt synthesizer (Klatt and Klatt,
1990), which served as the sources of the three speech spectra in Figure 2-5. In the top
figure, TL=O and AV=60; in the middle figure, TL=27 and AV=61; in the bottom figure,
TL=38 and AV=62. The parameters TL is the tilt and AV is the amplitude of voicing.
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If H1 is much larger than Al, then the SPL will be determined primarily by H1.
This can be the result of increased spectral tilt which extends into the F1 region, as
illustrated in the bottom panels of Figure 2-5.
In addition to the effect of F on Al, as shown in Equation 2.4, F will also affect
the spacing of the harmonics and may thus affect the SPL as well.
In summary, discrepancies in the linear relationship between E, and Al can be
explained by differences in B1 or Fo, as described by Equation 2.4. What is not
described by this equation is the effect of increased spectral tilt due to a nonabrupt
return phase: if the tilt extends into the first formant, Al will also be decreased. In
addition, the location of the second formant can affect Al if it is too close to Fl.
Another thing to keep in mind is that if F1 is too low, as in the vowel /i/, Al may
also be decreased because the first formant will be in the region where there is a
downturn in the glottal derivative spectrum at low frequencies. Finally, the SPL can
be determined largely by H1 instead of Al if Al < H1.
dB scale and SPL calculation
The sound pressure level (SPL) is defined in dB. If Prm, is the pressure variation
recorded at a distance from the sound source, the SPL is defined to be:
SPL = 20logo0 Pr = 20 log 10 IPrmI - 20log10 IPreul, (2.5)Pref
where Pr,f = 0.0002 microbar is the reference pressure. The quantity 20log 0o IP,re
is equal to about -74 dB. Equation 2.5 can be used to convert other pressure related
quantities including Al and H1 to dB.
In relating Al to the SPL, we recall that since SPL is defined in terms of rms
(root mean square) energy, there is a factor of v2. In addition, if Al is the amplitude
of the first formant, we recall that for a real signal, the fourier transform is conjugate
symmetric, so that the magnitude of the fourier transform has a peak of the same
amplitude Al at the negative frequency -F1. Thus there is a factor of 2. The final
result is that 3dB has to be added to Equation 2.4:
SPL = 201oglo(-A1/Pref)
= 20 logo( 2Ee -- 4 /Pref) (2.6)
= 20 loglo(Ee BIj /Pre1 ) + 3dB.
2.4.4 AC Flow and H1
According to Fant and Lin (1988), the amplitude of the first harmonic H1 is approx-
imately related to the flow peak amplitude Uo (or the AC flow, if minimum flow is
zero) by the following:
Hi = UoFo , (2.7)
4r
in the radiated wave at a distance of r cm. Notice therefore that H1 is proportional
to the product of Uo and Fo. The approximation involves a sinusoid of amplitude -U2
and frequency Fo, multiplied by the radiation characteristic P, where f = F.
Note that, given Equation 2.4 and 2.7, an expression for can be derived:
H1 n B1UoS= rB- (2.8)
Al Ee
2.4.5 Bandwidth, Spectral Tilt, and Noise
When the vocal folds do not close abruptly and there is a residual opening, the first
formant bandwidth and spectral tilt of the speech spectrum, as well as the turbulence
noise generated at the glottis will be increased. These variables are roughly functions
of the subglottal pressure and the area of the residual opening. Detailed modeling and
equations are found in Chapter 3 of (Hanson, 1995). The equations for the additional
bandwidth are given in the next section.
2.4.6 Derived Features
From the flow and subglottal measurements, we can derive glottal area and first
formant bandwidth estimates.
Glottal areas
We use the following equation that relates the pressure difference P across a constric-
tion of cross-sectional area A to the volume velocity flow U:
pU2P = P2 (2.9)
2A 2
Using Equation 2.9, the chink area Achink can be obtained from the minimum flow.
Similarly, the amplitude of vibration (or area variation AAC) can be approximated
from the AC flow.
Bandwidth due to Glottal Losses
The contribution of glottal losses to the first formant bandwidth during the closed
phase can be approximated from the minimum flow using the following equation
(assuming the vocal tract is a uniform tube of length It and cross-sectional area
At) (Hanson, 1995):
B = Rh = P(2.10)S= rAtltRch(1 + Kn)' Achink (2.10)
where Achink is the area of the glottal chink at the time that the vocal folds achieve
maximum closure. The factor Km incorporates the effects of the acoustic mass and
is equal to:
2xFMch 27r Flplch2rF Mh( )2 ( )2 , (2.11)
where Mc = 8 and lch is the thickness of the folds. For the values of F1 = 860 Hz,
lh = 0.3 cm, P, = 7800 dynes/cm 2, Km is about 0.2, so it contributes about 20%
to the denominator of the bandwidth equation. Notice that as P, increases, this
contribution decreases.
The first formant bandwidth B1 is then determined by adding the contibution due
to the glottal losses to the baseline bandwidth due to the vocal tract losses, assumed
to be 50 Hz (Hanson, 1995):
B1 = 50 Hz + B,. (2.12)
Similarly, the average bandwidth < Bg >a, over the whole glottal cycle can be
approximated from the average flow. Because the open quotient of the glottal flow
waveforms for speakers with nodules is larger, the average first formant bandwidth
may be larger because the opening of the glottis causes B1 to increase dramatically.
The next section gives a justification of why the concept of an average bandwidth
might be valid.
Justification of Average Bandwidth Calculation
From Equation 2.23 of (Hasegawa-Johnson, 1996), the bandwidth at F caused by a
glottal resistance Rc and inductance L, is:
(R Zoc)
B,(t) = (2.13)(t) rlt)(R + (27rFL,)2)
where the usual glottal approximations are Rc(t) = (kpU(t))/(Ac(t) 2), and L,(t) =
(plc)/(Ac).
If we assume that U(t)/Ac(t) is constant (a good assumption for large glottal
areas, if you neglect source-tract interaction), then we can make the approximation
that Rc(t) = a/Ac(t), for constant a. In this case, the bandwidth becomes
B(t) = (t)(aZoc)A,(tF ) 2 ) (2.14)
(7lr>)(a2+ (27Fp)2
In other words, B,(t) = (constant) Ac(t), which means of course that Bmean =
(constant)Amean.
Whether it is valid at all to average bandwidths over time is a tricky question.
Here is one way to justify it. A linear system has an impulse response - if the system
is time-varying, then so is the impulse response. The impulse response of a resonator
with bandwidth B, and frequency F, is
h(t) = Re(A * exp(-rBnt + j2Fnt)) (2.15)
so, over a time period dt, the amplitude of the phasor drops by a factor of exp(-7rBndt).
If we look at a series of little time periods, (dtl, dt 2,..., dtN), then the amplitude of
the phasor drops by
N
loss = i exp(-rB(ti)dti) (2.16)
i=1
or, in dB
N N
log(loss) = - rB,(ti)dti = -rBmean dti (2.17)
i=1 i=1
so over a period of sum(dti), the log amplitude of the resonance drops by an amount
which is proportional to Bmean, the average bandwidth. (Hasegawa-Johnson, 1998)
2.4.7 Difficulties in Measuring Glottal Flow
Although inverse filtering of the flow output at the mouth to derive the flow at the
glottis is a powerful technique, there are problems associated with it. First of all,
leaks in the mask will lead to erroneous flow measurements. Secondly, choosing the
first formant frequency and bandwidth for the inverse filter is sometimes difficult
and requires experience and skill. Thirdly, the low-pass filtering operation to remove
higher formants may affect the amplitude of the MFDR and definitely affects the
abruptness of the return phase. The abruptness of closure can be estimated indirectly
from acoustic parameters such as H1-A3 or A1-A3, which measure the spectral tilt. In
addition, the mask introduces a zero in certain frequency regions, as stated previously.
Furthermore, the source-filter theory may be inadequate. For example, in inverse-
filtering, parameters for the inverse filter are usually adjusted so as to minimize the
F1 ripple in the glottal flow during the closed phase, on the assumption that the
vocal folds are entirely closed. However, if there is a glottal chink, one would expect
a ripple in the glottal flow during the closed phase of the vocal-fold vibratory cycle.
In addition, the transfer function of the vocal tract is actually different during the
open and closed phase of the vibratory cycle because the acoustic impedance of the
glottal source in series with the tracheal impedance will affect the transfer function.
Thus using a single time-invariant inverse filter for the entire cycle will not lead to a
correct answer.
Because of the problems with inverse filtering associated with the collection of
aerodynamic measurements, it is desirable to find acoustic measures which can sup-
plement the aerodynamic measures.
Chapter 3
Aerodynamic and Acoustic
Measures
This chapter presents the results comparing the different aerodynamic and acoustic
features for the nodules and the normal groups. We will address the following ques-
tions. What is the magnitude of the differences between the two groups for each
feature? To what extent is the nodules group outside the normal range for each
feature? How much overlap is there between the two groups for each feature? The
differences will also be explained in terms of models.
It will be shown that acoustic features do not distinguish the two groups as well
as aerodynamic features. Some of the features depend on the loudness of the voice;
therefore, a correction for SPL by linear regression is used to increase the separation
between the two groups. Finally, linear discriminant analysis is used to combine
multiple features to classify tokens into the two groups.
3.1 Database
The data have previously been collected at the Massachusetts Eye and Ear Infir-
mary for the Voice Project. The data collection procedure is described in detail
in (Holmberg et al., 1988) and (Hillman et al., 1989). In brief, the speaker puts on
the Rothenberg mask, which measures the oral airflow and also contains a transducer
to measure the intraoral pressure during bilabial obstruents such as /p/. The speaker
is asked to say a sequence of [paepaepa...] or sustain a vowel /m/ at three loudness
levels: comfortable, loud, and intermediate.
The oral airflow signal is low-pass filtered at 1100 Hz and inverse-filtered to derive
a glottal airflow, from which various features such as the MFDR (from the derivative
waveform), AC flow, minimum flow, adduction quotient, speed quotient, etc. are
determined. For calculation of the adduction quotient, places where the flow level
was 30% of the difference between peak and minimum flow were identified and used
to define arbitrary times of "opening" and "closing" (Holmberg et al., 1995).
The acoustic speech signal is also recorded at the same time at a distance of 15 cm,
and digitized at a sampling rate of 10 kHz. The SPL is calculated from the root-mean-
square energy of the acoustic signal. All features are extracted in the middle of the
vowel /ae/ except for the subglottal pressure. The subglottal pressure is inferred from
interpolation of the adjacent intraoral pressures during the closure for the /p/ in the
utterance [pap pm...].
A subset of all the data is used in this study and is described as follows. There are
a total of 12 normal subjects, with 7-9 tokens of [pae] recorded under each condition
of comfortable voice and loud voice. Among all the speakers, there are a total of 102
tokens for comfortable voice and 103 tokens for loud voice, and these tokens are used
in group comparisons. For clarity of presentation, data for the intermediate loudness
condition are not shown in this thesis. The following are the initials of the normal
subjects: ceb, hbl, hmp, jaf, mxz, set, slc, axh, kmx, lad, lxl, dfp.
There are a total of 14 subjects with nodules. The subjects had between 7-10
tokens recorded under each condition of comfortable voice and loud voice. Among all
the speakers, there are a total of 126 tokens for comfortable voice and 120 tokens for
loud voice. The following are the initials of the speakers with nodules: abc, aej, cmr,
lac, dab, eal, ebo, jmj, sak, amn, dll, dxc, kme, sxw.
3.2 Results
3.2.1 Comparison of Features with Normative Data
As a first step in characterizing the voice production of speakers with vocal-fold
nodules, various aerodynamic and acoustic features are compared with normative
data. Tables 3.1 and 3.2 show the average data for both the nodules group and the
normal group under comfortable and loud voice conditions. The tables are divided
into three categories: the aerodynamic or flow features, the acoustic features, and the
derived features. The derived features are glottal area and first formant bandwidth
estimates derived from flow measurements, using equations described in Section 2.4.6.
COMFORTABLE VOICE
Aerodynamic features: Holmberg 95 Normals Nodules p-value r d Pn
Normals
Subglottal Pressure (cm H2 0) 5.5(1.1) 6.00(1.09) 10.46(2.99) 0.00000 0.69 1.92 0.80
Average Flow (1/s) 0.14(0.04) 0.29(0.10) 0.00000 0.67 1.81 0.79
AC Flow (1/s) .147(.045) 0.17(0.05) 0.28(0.10) 0.00000 0.55 1.34 0.42
Minimum Flow (l/s) .097(.042) 0.08(0.03) 0.17(0.09) 0.00000 0.50 1.17 0.54
MFDR (1/s 2 ) 190.8(75.8) 261.6(113.8) 387.6(163.3) 0.00000 0.40 0.88 0.29
Adduction Quotient(%) 50(6) 53(6) 41(5) 0.00000 -0.78 -2.49 0.66
Acoustic features:
SPL (dB) 74.5(3.5) 77.51(3.58) 80.07(4.42) 0.00000 0.30 0.63 0.21
FO (Hz) 203(15) 204(14) 0.20259 0.06 0.11 0.01
H1-A1 (dB) -4.0(7.7) -0.86(5.14) 0.74(5.07) 0.00968 0.15 0.32 0.02
H1-A3 (dB) 21.0(7.9) 25.09(5.23) 24.27(5.64) 0.13265 -0.07 -0.15 0.08
H1-H2 (dB) 6.6(3.8) 5.73(2.84) 7.07(3.44) 0.00088 0.21 0.42 0.13
A1-A3 (dB) 25.0(5.6) 25.95(5.34) 23.53(5.75) 0.00066 -0.21 -0.44 0.08
Derived features:
Areach,nk (cm " ) 0.03(0.01) 0.04(0.02) 0.00000 0.39 0.84 0.31
AreaAC(cm2 ) 0.05(0.01) 0.07(0.02) 0.00000 0.39 0.86 0.22
Bg (Hz) 70.01(22.18) 84.97(46.49) 0.00157 0.19 0.40 0.14
< Bg >a, (Hz) 101.96(21.39) 130.58(40.51) 0.00000 0.39 0.86 0.30
Table 3.1: Group means and standard deviations of aerodynamic, acoustic, and derived
features for comfortable voice.
The first column shows the normative data as reported by Holmberg et al. (1995).
The second column shows the normal means and standard deviations for the group
of normal speakers in this study. The third column shows the means and standard
deviations for the nodules group. The fourth column shows the p-values associated
with a one-sided t-test of the difference in means of the two groups.
Even though the difference may be statistically significant, the effect size may be
small because we have a large study sample size (on the order of 100 tokens for each
LOUD VOICE
Aerodynamic features: Holmberg 95 Normals Nodules p-value r d pn
Normals
Subglottal Pressure (cm H 2 0) 8.3(1.9) 9.00(1.48) 14.62(3.95) 0.00000 0.68 1.84 0.78
Average Flow (1/s) 0.13(0.04) 0.30(0.14) 0.00000 0.63 1.61 0.74
AC Flow (1/s) .213(.058) 0.23(0.05) 0.41(0.14) 0.00000 0.62 1.60 0.62
Minimum Flow (1/s) .081(.039) 0.06(0.03) 0.12(0.11) 0.00000 0.34 0.73 0.32
MFDR (l/s 2 ) 421.4(140.9) 524.4(161.2) 802.9(300.7) 0.00000 0.49 1.14 0.38
Adduction Quotient(%) 59(7) 62.43(3.88) 43.50(7.38) 0.00000 -0.84 -3.16 0.97
Acoustic features:
SPL (dB) 83.1(3.9) 86.60(3.24) 88.83(4.11) 0.00001 0.29 0.60 0.16
FO (Hz) 232(18) 234(22) 0.20301 0.06 0.11 0.06
H1-Al (dB) -11.7(6.2) -9.32(4.28) -7.84(3.83) 0.00341 0.18 0.37 0.01
H1-A3 (dB) 12.3(8.4) 13.84(7.03) 13.93(5.82) 0.45990 0.01 0.01 0.01
H1-H2 (dB) 2.4(3.5) 2.26(2.50) 4.05(2.58) 0.00000 0.33 0.71 0.10
A1-A3 (dB) 24.0(5.1) 23.16(5.00) 21.76(4.68) 0.01619 -0.14 -0.29 0.02
Derived features:
Areachnk(cm2 ) 0.015(0.007) 0.024(0.021) 0.00002 0.27 0.56 0.32
AreaAC(cm 2 ) 0.06(0.01) 0.08(0.02) 0.00000 0.56 1.34 0.45
Bg (Hz) 34.23(14.51) 43.16(36.09) 0.00974 0.16 0.32 0.27
< Bg >av (Hz) 65.07(16.60) 95.90(31.97) 0.00000 0.51 1.19 0.39
Table 3.2: Group means and standard deviations
features for loud voice.
of aerodynamic, acoustic, and derived
condition). Thus a comparison is made of the effect size in three ways: correlation
coefficient r (fifth column), Cohen's d (sixth column), and pn (seventh column), the
probability that the Z-scores of the tokens in the nodules group are larger than 1.96.
More specifically, r is the point biserial correlation coefficient between each of
the features and the group membership. If X=feature and Y=group membership
(0=normal, 1=nodules), and nl + n2=total number of tokens,
Z'n1 +n2 ZXiZY
r =+ n
n 1 + n 2
(3.1)
where Zx, = (Xi - X)/ax and Zyj = (Y - Y)/Cry.
Cohen's d is defined to be:
t(ni + n 2)d = zdSnln2 ' (3.2)
where t comes from the t-test, nl and n2 are the number of samples in the normal
and nodules group, respectively, and df = nl + n 2 - 2 is the number of degrees of
freedom. r and d are measures of the effect size, i.e. the size of the difference between
the two groups (Rosenthal and Rosnow, 1991), and are related by:
d = r (n, + n 2) (33)
V1 -r 2 Vi/i
p, is computed by taking the fraction of tokens of the nodules group whose values
are greater than 1.96 times the standard deviation away from the normal mean. That
is, for a particular feature X, with normal mean px and standard deviation ax, if
m 2 is the number of tokens satisfying:
X- P > 1.96, (3.4)Orn
then p, = m 2/n 2, where n 2 again is the total number of tokens in the nodules group.
This concept is illustrated in Figure 3-1 for the feature of subglottal pressure. For
a normal distribution, the probability of a value greater than 1.96 standard deviation
from the mean is 0.05. pn is thus a way of measuring how well separated the nodules
group is from the normal group. pn is related to the concept of Z-scores; Hillman
et al. (1989) reported hyperfunctional speakers having Z-scores greater than 2 for
particular features. p. shows what fraction of the tokens for the nodules group have
Z-scores greater than 1.96.
The variation within the nodules group tends to be larger than that within the
normal group. This is particularly true of certain features, such as the subglottal
pressure, where the standard deviation for the nodules group is 2-3 times larger
than that for the normal group. Whereas there may be a narrow operating range
for normal voice, pathological voices may have a broader range because there is a
continuous gradation from nearly normal to highly pathological. This difference in
variation is shown in Figure 3-2 for the feature of subglottal pressure. Notice that
while some speakers have larger variation, others do not have significantly larger
standard deviations than normal. The larger variation in the nodules group arises
mainly from the variation across speakers within the group.
One-sided t-tests of the different features yield small p-values for most of the fea-
tures, except for FO and H1-A3. The predominance of small p-values is due to the
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Figure 3-1: Figure illustrating the concept of p, for the feature of subglottal pressure under
comfortable loudness condition. Pn (shaded area) is the probability that a token from the
nodules group has a subglottal pressure greater than the mean of the normal group plus 1.96
times the standard deviation.
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Figure 3-2: Means and standard deviations of subglottal pressure for the normal group and
nodules group under comfortable and loud speaking conditions. Group means and standard
deviations are shown in bold. Individual speaker data are organized in order of increasing
mean subglottal pressure.
large number of samples (on the order of 100) in each group. In order to meaning-
fully compare the features, it is necessary to look at the effect size and how well
separated the two groups are based on each feature. Notice that the sizes of the point
biserial correlation r, Cohen's d, and p, are in general agreement about how well
the two groups are separated. Larger values in magnitude are associated with better
separation.
The aerodynamic features are able to better distinguish the two groups than
acoustic features. Based on Cohen's d, the aerodynamic features ranked in order of
effect size are as follows: open quotient, subglottal pressure, average flow, AC flow,
minimum flow, and MFDR.
The top four acoustic features with the highest d are: SPL, H1-H2, H1-A1, and
A1-A3. Intergroup differences in FO and H1-A3 are not statistically different since
they have very large p-values.
3.2.2 Models Relating Features
One natural question to ask is why the aerodynamic features are more different than
the acoustic features. It appears that the speakers with nodules are able to compen-
sate by modifying aerodynamics to keep the acoustics of speech relatively normal. In
an attempt to answer this question, we will examine the average differences between
the two groups and use models to relate the aerodynamic and acoustic features. In
addition to comparing the means, we also compare the medians because they are less
vulnerable to outliers and also are preserved through log transformations. 1 From Ta-
bles 3.3 and 3.4, we see that the differences between the two groups are very similar
regardless of whether the means or medians are used.
Tables 3.3 and 3.4 show that the differences between the two groups follow similar
patterns both under comfortable and loud voice conditions. Speakers with vocal
nodules on average tend to use about 1.6-1.8 times higher subglottal pressures. As
'The mean of the log of a random variable is not necessarily the same as the log of the mean of
that random variable. However, the median of the log of the random variable is the same as the log
of the median of the random variable.
a result, the average flow is about 2.0 times higher. Given a larger flow, one might
wonder if speakers with nodules take a breath more often. Sapienza et al. (1997)
reported that a larger volume of air was expended both per syllable and per breath
group during reading by speakers with nodules, but there was no significant difference
for the average duration of the breath groups or the number of syllables spoken per
breath group. Sapienza and Stathopoulos (1994) also reported that the high glottal
airflow was accompanied by significantly higher lung volume excursion, characterized
by both a higher lung volume initiation and lower lung volume termination.
From Equation 2.9, if the constriction area (glottal area) were kept constant, a
1.7 times increase in subglottal pressure would result in a 1.3 times increase in flow.
However, the minimum flow is actually 2 times larger and AC flow 1.7 times larger.
This indicates that the chink area and the amplitude of vocal-fold vibration are also
increased. The chink area calculated from the minimum flow is about 1.3-1.6 times
larger on average and the area change due to glottal vibration, calculated from the
AC flow, is on average about 1.3 times larger.
The MFDR is about 1.5 times larger. Given the same first formant bandwidth,
this would have implied a larger SPL of about 3.5dB. In fact, the SPL is only larger
by about 2.5dB. The difference of ldB can be accounted for by a larger Bg of about
1.1 times. (Strictly speaking, the B, is the additional bandwidth due to the glottis
which is added to the bandwidth of the vocal tract.)
Why is Bg not larger given that the chink area is about 1.5 times larger than
normal? From Equation 2.10, we see that B9 is inversely proportional to the glottal
resistance. Bg is proportional to the area and inversely proportional to the square
root of the subglottal pressure. Had the subglottal pressure remained constant, the
increase in chink area would have caused Bg to increase by 1.5 times times. Given
a contribution of 50Hz to B1 by the vocal tract, the total B1 would be roughly
50 Hz + 1.5 * 70 Hz = 155 Hz, where 70 Hz is the normal value taken from Table 3.1.
Given a total B1 for normals of 50 Hz + 70 Hz = 120 Hz, the ratio of the bandwiths
is 1.29, and this would have decreased Al by 2.21dB.
There may be certain tokens where Bg is indeed large enough to cause more than
2dB difference in Al. However, for the average case Bg due to the glottal losses is only
increased by 1.1 times because the subglottal pressure is higher. A 1.5 times increase
in chink area, together with a 1.8 times increase in subglottal pressure, results in a
1.1 times increase in Bg, which would amount to less than ldB decrease in Al. A
higher subglottal pressure in this case may actually help the acoustics of the voice.
H1-Al can be related to the ratio of AC flow and MFDR according to Equation 2.8.
The AC flow is increased by about 1.7 times and the MFDR by 1.5-1.7 times. The
ratio of AC flow to MFDR is therefore 1.13-1.0 times or 1.ldB-OdB. This ratio agrees
with the H1-A1 difference. Assuming no difference in spectral tilt, this analysis also
holds for H1-A3. Although one might have expected a larger spectral tilt for the
nodules group (larger Al-A3), Al-A3 is smaller for the nodules group than for the
normal group. There may be possible reasons for this observation. First, the spectral
tilt is smaller for the nodules group because the speakers are speaking louder and
spectral tilt tends to decrease with loudness. Secondly, the first formant bandwidth
is larger for the nodules group, and this increased B1 will tend to lower Al with
respect to A3. The third formant bandwidth depends more on the radiation losses
than on the glottal losses and is therefore less affected by a larger glottal area.
Finally, H1-H2 is larger on average for the nodules group, and this difference is
consistent with the larger open quotient. However, whereas there is a good correlation
between the open quotient and H1-H2 for the normal speakers (p = 0.77), there is
little correlation for these two features in the nodules group (p = 0.02). Open quotient
is one of the best aerodynamic features to distinguish the two groups, and had there
been a better correlation between open quotient and H1-H2, there would have been
a larger difference in H1-H2, and H1-H2 would have been a good acoustic feature to
discriminate between the two groups.
3.2.3 Regression with SPL
Many aerodynamic and acoustic features vary in a systematic way depending on how
loudly a speaker is talking. It therefore makes sense to perform linear regression with
SPL as the independent variable to explore ways of improving the separation of the
Aerodynamic features: Mean Median
Subglottal Pressure 1.7x 1.8x
Average Flow 2.0x 2.0x
AC Flow 1.7x 1.6x
Minimum Flow 2.0x 2.0x
MFDR 1.5x 1.7x
Adduction Quotient 0.8x 0.7x
Acoustic features: Mean Median
SPL (dB) 2.6dB 2.7dB
FO 1.0x 1.0x
H1-Al (dB) 1.6dB 1.0dB
H1-A3 (dB) -0.8dB 0.1dB
H1-H2 (dB) 1.3dB 1.0dB
A1-A3 (dB) -2.4dB -2.3dB
Derived features: Mean Median
Areachink(cm2 ) 1.6x 1.5x
AreaAc(cm 2) 1.3x 1.3x
B, (Hz) 1.2x 1.1x
< Bg >av (Hz) 1.3x 1.2x
Table 3.3: Group means and median differences/ratios for comfortable voice. Differences
are given in ratios ('x'=times) or in dB. 2x=6dB.
Aerodynamic features: Mean Median
Subglottal Pressure 1.6x 1.6x
Average Flow 2.3x 2.0x
AC Flow 1.7x 1.7x
Minimum Flow 2.0x 1.6x
MFDR 1.5x 1.6x
Adduction Quotient 0.7x 0.7x
Acoustic features: Mean Median
SPL (dB) 2.2dB 2.2dB
FO 1.0x 1.0x
H1-Al (dB) 1.5dB 1.6dB
H1-A3 (dB) 0.0 dB -0.1dB
H1-H2 (dB) 1.8dB 2.0dB
A1-A3 (dB) -1.4dB -1.45dB
Derived features: Mean Median
Areahink (cm 2) 1.6x 1.3x
AreaAC(cm 2) 1.4x 1.3x
B, (Hz) 1.3x 1.1x
< B, >av (Hz) 1.5x 1.5x
Table 3.4: Group means and median differences/ratios for loud voice.
normal and nodules group.
H1-Al
As an example, we shall examine the feature H1-A1 in this way. As observed previ-
ously, the average difference for this feature between the two groups is rather small,
on the order of 1.5dB, with d = 0.32 and p, = 0.02. Figure 3-3 shows a comparison
between the two groups under comfortable and loud conditions. The circles represent
the normal speakers and the x's represent the speakers with nodules. The overall
means and standard deviations of the two groups are shown in bold, with individual
speaker means and standard deviations on each side. The individual speaker means
are sorted for display in order of increasing H1-A1. The group means are very close
to each other (difference of 1.5dB), and the variability within each group is large
compared with the inter-group difference. The group mean difference is small even
compared with the variability within an individual speaker.
Figure 3-4 shows that if we plot H1-A1 versus SPL, points for the nodules group
tend to lie above points of the normal group, i.e. for a fixed SPL, Hi-Al tends to be
larger. We can quantify the size of this effect by finding the average distance of the
data of the nodules group from the regression line of the normal group.
Figure 3-5 compares the distance to the regression line in terms of group means and
standard deviations, as well as individual speaker variation. Compared to Figure 3-3,
the group mean differences are increased to about 4dB from 1.5dB. The two groups
are better separated now, with d = 1.2 (from 0.32) and p, = 0.18 (from 0.02).
H1-Al is larger on average at any SPL for two reasons. First, H1 is larger because
of a larger AC flow at the particular level of excitation (MFDR). Secondly, Al is
smaller because B1 is increased.
Because H1-A1 and SPL are acoustic features which do not require flow measure-
ments, they are the best non-invasive measurements which do not require the use
of the Rothenberg mask or endoscopy. With the use of a decision threshold of 1.96
standard deviation from the normal mean, we achieve a false positive error of 1%
and false negative error of 82%. The false negative error is far too high and can be
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Figure 3-3: Group and individual speaker means and standard deviations for Hi-Al under
comfortable and loud speaking conditions. Refer to text for more detail.
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Figure 3-4: Plot of Hi-Al versus SPL for all data from the normal and nodules group.
The dashed line shown is the regression line for the normal group.
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Figure 3-5: Group and individual speaker means and standard deviations of the distance
from the normal regression line.
reduced at the expense of the false positive error by shifting the decision threshold.
We will take up this issue of classification again later when we use linear discriminant
analysis.
3.2.4 Summary of Features After SPL Regression
Tables 3.5 and 3.6 show a summary of the results after linear regression with SPL for
the different features. Shown in the first two columns are the means and standard
deviations of the residuals from the linear regression with SPL. Had the regression
been performed individually for each loudness condition, the normal mean will be 0.
However, we chose to fit one single regression line for each feature over all the loud-
ness conditions (including an intermediate condition which results are not reported.)
Therefore, the means for the normal group are close to but not always equal to 0.
Two features which show significant improvement after linear regression in sepa-
rating the two groups for comfortable voice are the open quotient and H1-A1. Some
features actually became slightly worse in discriminating the two groups after the
regression.
Aerodynamic features: Normals Nodules p-value r d p,
Subglottal Pressure (cm H20) -0.23(0.91) 3.54(2.71) 0.00000 0.67 1.80 0.73
Average Flow (l/s) 0.00(0.04) 0.15(0.10) 0.00000 0.68 1.84 0.79
AC Flow (l/s) 0.00(0.04) 0.09(0.08) 0.00000 0.56 1.36 0.41
Minimum Flow (1/s) -0.00(0.03) 0.09(0.09) 0.00000 0.54 1.29 0.60
MFDR (I/s 2) 14.88(56.53) 63.33(81.46) 0.00000 0.32 0.68 0.22
Adduction Quotient(%) -1.29(5.20) -15.53(3.61) 0.00000 -0.85 -3.25 0.87
Acoustic features:
FO (Hz) -3.52(17.10) -8.33(13.47) 0.00922 -0.16 -0.32 0.00
Hi-Al (dB) -0.11(3.55) 4.00(3.24) 0.00000 0.52 1.22 0.18
H1-A3 (dB) -0.31(4.36) 2.08(7.28) 0.00194 0.19 0.39 0.20
H1-H2 (dB) -0.06(2.40) 2.18(2.86) 0.00000 0.39 0.84 0.25
Al-A3 (dB) -0.21(5.52) -1.93(6.47) 0.01707 -0.14 -0.29 0.08
Derived features:
Areachink(cm2) 0.00(0.01) 0.02(0.02) 0.00000 0.47 1.08 0.39
AreaAc(cm 2 ) 0.00(0.01) 0.01(0.02) 0.00000 0.37 0.80 0.17
Bg (Hz) 2.31(21.65) 25.70(37.81) 0.00000 0.35 0.74 0.18
< Bg >av (Hz) 3.50(22.59) 39.84(34.85) 0.00000 0.52 1.22 0.31
Table 3.5: Group means and
SPL for comfortable voice.
standard deviations of residuals after linear regression with
Aerodynamic features: Normals Nodules p-value r d Pn
Subglottal Pressure (cm H2 0) 0.33(1.24) 5.35(3.44) 0.00000 0.69 1.90 0.76
Average -0.01(0.04) 0.16(0.14) 0.00000 0.63 1.63 0.75
AC Flow (l/s) -0.00(0.05) 0.16(0.12) 0.00000 0.64 1.69 0.61
Minimum Flow (l/s) -0.00(0.03) 0.06(0.11) 0.00000 0.37 0.81 0.36
MFDR (l/s2) 2.80(105.76) 213.71(205.46) 0.00000 0.53 1.27 0.44
Adduction Quotient(%) 1.32(3.37) -19.19(8.14) 0.00000 -0.85 -3.22 0.96
Acoustic features:
FO (Hz) 2.71(14.68) -0.61(19.41) 0.07813 -0.10 -0.19 0.15
H1-A1 (dB) 0.33(2.44) 4.01(2.89) 0.00000 0.56 1.37 0.28
H1-A3 (dB) -0.20(5.12) 2.68(5.61) 0.00005 0.26 0.54 0.08
H1-H2 (dB) -0.35(2.23) 2.22(2.15) 0.00000 0.51 1.18 0.15
A1-A3 (dB) -0.53(4.84) -1.33(4.81) 0.11090 -0.08 -0.17 0.02
Derived features:
Areachink (cm 2) -0.00(0.01) 0.01(0.02) 0.00000 0.35 0.76 0.33
AreaAc(cm 2 ) -0.00(0.01) 0.02(0.02) 0.00000 0.56 1.37 0.40
Bg (Hz) -3.55(12.07) 12.74(29.07) 0.00000 0.34 0.72 0.30
< Bg >av (Hz) -6.03(13.64) 31.53(28.48) 0.00000 0.64 1.65 0.62
Table 3.6: Group means and standard deviations of residuals after linear regression with
SPL for loud voice.
3.2.5 Linear Discriminant Analysis
Theory
The goal of discriminant analysis is to assign an observation, x, of unknown origin
to one of two (or more) distinct groups on the basis of the value of the observation,
with a low error rate. The techniques are covered in many texts, e.g. (Manly, 1994;
Lachenbruch, 1975; Tabachnick and Fidell, 1996; Johnson and Wichern, 1992). We
follow the simple approach given by Manly (1994).
Given p variables x 1 , x 2 ,... , x, a linear combination of these variables can be
taken to obtain a function Z that separates the two groups as well as possible:
Z = aiXj + a2X2 ... + apX, (3.5)
One way is to choose the coefficients al, a 2 ,..., ap to maximize the F ratio for a
one-way analysis of variance, F = M, where MB is the mean square between groups
and Mw is the mean square within groups. The solution to this problem turns out
to be an eigenvalue problem. The within-group matrix of sums of squares and cross
products, W, and the total matrix of sums of squares and cross products, T, are
defined as follows. Let Xijk denote the value of the variable Xk for the ith individual
in the jth group, xjk denote the mean of Xk in the same group, and ik denote the
overall mean of Xk for all the data taken together. Then the elements in row r and
column c of W and T are:
m n3
Wrc = Z(Xiir - -jr)(Xijc - I
j=1 i=1
m ?(3.6)
trc = > (Xijr - Xr)(Xijc - c
j=l i=1
The between-groups matrix B = T - W. The eigenvalues and eigenvectors of the
matrix W-1B are calculated. If the eigenvalues are sorted so that A > A2 > ... A,,
then A is the ratio of the between-group sum of squares to the within-group sum of
squares for the ith linear combination Zi, while the elements of the corresponding
eigenvector a i = (ail, ai2, ... , aip) are the coefficients of Zi, the ith canonical discrim-
inant function.
The first canonical discriminant function Z1, associated with the largest eigen-
value, captures group differences as much as possible. Z2 captures as much as possible
of the group differences not captured by Z1, etc. The first few discriminant functions
may capture most of the essential group differences.
Results
Linear discriminant analysis is performed using various combinations of aerodynamic
and acoustic variables as predictors of membership in two groups, normal and nodules.
The data for comfortable and loud voice conditions are combined. A total of 451
tokens are classified.
Table 3.7 shows the error rates, both total and broken down into false positive
and false negative errors. When all the aerodynamic and acoustic features are used,
(except H1-A3, since it is a linear combination of Hi-Al and A1-A3), an error rate
of 4% is achieved, equally divided between false positive and false negative errors.
Figure 3-6 shows a plot of the values of the two canonical discriminant functions for
tokens from the two groups.
Feature Combination # Features #errors %errors %false %false
positive negative
All 11 16 4 2 2
All aerodynamic 6 22 5 2 3
All acoustic 5 109 24 11 14
Aero:[AQF,Pr,AvFl] 3 24 5 3 2
Aero:[AQF,Pr] 2 25 6 3 2
Acoustic:[SPL,H1-A1,H1-H2] 3 109 24 10 14
Aero:[Pr,AvFl] 2 53 12 5 7
Acoustic:[SPL,H1-Al] 2 122 27 12 16
Acoustic:[SPL,H1-H2] 2 142 31 14 17
Mix:[Pr,SPL] 2 67 15 6 9
Table 3.7: Classification error rates for different combinations of features.
The two groups are very well separated, and primarily by the first canonical
discriminant function. It turns out that there is only one eigenvalue of the W- 1B
matrix which is not close to zero, so the first canonical discriminant function alone is
sufficient to reflect the differences of the two groups.
The second and third lines of Table 3.7 show the error rates when all the aero-
dynamic features [subglottal pressure (Pr), average flow (AvFl), AC flow, Minimum
flow, MFDR, and adduction quotient (AQF)] are used and when all the acoustic
features [SPL, FO, H1-A1, H1-H2, A1-A3] are used. There is only a slight increase
on error rates when the acoustic features are dropped from the list of all features,
from 4% to 5%. In contrast, using only all the acoustic features, the error rates are
significantly worse, 24%. Again we see that aerodynamic features capture almost all
the differences between the two groups, and acoustic features are relatively poor in
distinguishing the two groups. Even so, acoustic features do provide some discrimina-
tory power, since the error rates are much lower than for random classification (error
= 50%).
Next we examine what smaller set(s) of aerodynamic features can essentially repli-
cate the classification performance of the discriminant functions trained with all the
aerodynamic features. Table 3.8 shows the loading matrix of correlations between the
Using all features
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aerodynamic predictors and the first canonical discriminant function.
Aerodynamic features Correlation with discriminant function
Subglottal Pressure (Pr) 0.7029
Average Flow (AvFl) 0.7474
AC Flow (ACFl) 0.6276
Minimum Flow (MnFl) 0.4813
MFDR (MFDR) 0.4004
Adduction Quotient (AQF) -0.9033
Table 3.8: Table of correlations between aerodynamic features and the first canonical dis-
criminant function.
The correlations suggest that the best predictors for distinguishing the two groups
are AQF, AvF1l, Pr. In Table 3.7, lines 4 and 5 show that AQF, Pr, and AvFl, or
even just AQF and Pr used as predictors can achieve classification results similar to
those using all features.
Table 3.9 shows the loading matrix of correlations between the acoustic predictors
and the first discriminant function based on all the acoustic features.
Table 3.9: Table of correlations between acoustic features and the first canonical discrimi-
nant function.
The table suggests that H1-H2, SPL, and A1-A3 are the best acoustic predictors.
However, the combination of three acoustic features that gives the best discrimination
is actually SPL, H1-H2, and Hi-Al.
The final few lines of Table 3.7 show combinations of features which are relatively
easy to measure, without inverse filtering. Using just Pr and AvFl, or Pr and SPL
we can achieve an error rate of 16%. Using purely acoustic features (no mask), we
Acoustic features Correlation with discriminant function
SPL 
-0.3239
FO 
-0.0564
H1-Al 
-0.2269
H1-H2 
-0.4086
A1-A3 0.2988
can achieve an error rate of 27% with just two features, SPL and Hi-Al, or 31% with
SPL and H1-H2.
Functions and Models
Table 3.10 shows the discriminant function coefficients and the models for the two
groups using different sets of features. This table can be used for classification of data
which are collected by other researchers in the future. If the error rates obtained for
other data sets using these parameters and models are similar to the ones reported
here, we will have more confidence that the parameters are well estimated.
Discriminant Function Coefficients (ai) Normal Model Nodules Model
X 1 al X 2 a 2 X3 a 3 I 1 O1 P2 "2
Pr
SPL
Pr
SPL
SPL
Pr
0.7978
0.7639
0.0289
0.7515
0.4695
0.9711
AQF
H1-Al
AvF1
H1-Al
H1-H2
SPL
-0.6029
0.5367
0.9996
0.6597
0.8829
-0.2385
H1-H2 0.3584
-28.982
61.404
0.3563
58.247
42.052
-12.338
3.095
2.213
0.0748
1.947
2.164
1.095
-15.678
64.651
0.6548
61.163
44.540
-8.052
4.974
2.378
0.1973
2.418
2.397
2.996
Table 3.10: Table of discriminant function coefficients and the models for the normal
and nodules group. A token is classified to the closer (Mahalanobis distance) of the two
group models. Pr is given in cm H20, AvFl in l/s, AQF in %, and the acoustic measures
(SPL,H1-A1,H1-H2) in dB.
More explicitly, to perform classification of a particular token, we first calculate
the discriminant function:
Z1 = a1X1 + a2 X 2 + a3 X 3 . (3.7)
Then we calculate the Mahalanobis distance D? from each model j:
(3.8)= (Z1 - p)2
2
and we assign the token to the group whose distance is the least.
Cross-Validation
In the previous analysis, we use the same set of speakers (12 normal speakers, 14
speakers with nodules) for both training the linear discriminant functions and for
testing to get the classification error rates. The error rates are unfairly low because
the training and test sets are the same. The error rates can be expected to be higher
when the tokens to be classified come from a speaker which is not used in training.
To cross-validate our results, we can use a jack-knife approach where the model
used to classify a certain speaker's tokens is trained on all the tokens except those of
that speaker. Alternatively, we can use a subset for training and the rest for testing.
We divide the speakers randomly in half and use half for training and half for
testing. The test set contains a total of 222 tokens. Table 3.11 shows the classification
error rates of the test set. Compared with Table 3.7, the error rates are much worse
for most feature sets, almost twice in many cases. One exception is the combination
of Pr and AQF.
Feature Combination # Features #errors %errors %false %false
positive negative
All 11 17 8 3 5
All aerodynamic 6 26 12 7 5
All acoustic 5 90 41 13 28
Aero:[AQF,Pr,AvFl] 3 23 10 7 3
Aero:[AQF,Pr] 2 14 6 4 3
Acoustic:[SPL,H1-A1,H1-H2] 3 83 37 12 25
Aero:[Pr,AvFl] 2 52 23 14 9
Acoustic:[SPL,H1-Al] 2 101 45 12 34
Acoustic:[SPL,H1-H2] 2 95 43 20 23
Mix:[Pr,SPL] 2 55 25 16 9
Table 3.11: Classification error rates of test set for different combinations of features. The
discriminant functions are determined using a training set of speakers different from the
test set.
The reason the error rates are so different is that data from 6 speakers (7 for
nodules group) are probably insufficient to be a good representative of the groups.
When new speakers are used to test the models, we obtain larger error rates. We
are more confident of the models which are trained using all our speakers (12 normal
speakers, 14 speakers with nodules) and await further testing with future data.
3.3 Summary
In summary, this chapter has shown the mean differences between the normal and
nodules group, the intragroup variability, and the extent to which the nodules group
falls outside the normal range for each of the different aerodynamic and acoustic
features. Aerodynamic features more clearly distinguish the two groups, with open
quotient, subglottal pressure, and average flow as the top three features. Acoustic
features do a poor job of separating the two groups; for example, for the feature SPL,
only 21% of the tokens for the nodules group are outside 1.96 standard deviation of
the normal mean. Other features such as H1-A1 (only 2%) are even worse.
Linear discriminant analysis using various feature combinations was applied to the
combined data for comfortable and loud voice. The results show that aerodynamic
features, in particular the subglottal pressure and adduction quotient, can achieve
an error rate of about 6%, while with acoustic features the best error rate is about
25%, with SPL, Hi-Al, and H1-H2 as the best features. Further testing of the linear
discriminant analysis models with new data is needed.
Through the use of models that relate aerodynamic and acoustic features, some of
the average differences for the different features are accounted for. Even though the
acoustic differences seem to be small, the models show that the results are reasonable.
As an example, the component of the first formant bandwidth due to glottal losses
is increased by only 1.1 times because of the higher subglottal pressure. Had the
pressure been the same, B1 would have been increased by 1.5 times.
In Section 2.4.3, we mentioned that SPL (or Al) is influenced by the MFDR,
the first formant bandwidth, and the spectral tilt. On average the first formant
bandwidth is increased only enough to decrease Al and the SPL by less than 1dB.
The spectral tilt is also not clearly increased because H1-A3 is larger but A1-A3 is
smaller for the nodules group. We are left with MFDR as the primary culprit that
would cause the nodules group to have on average a lower SPL for a given subglottal
pressure. The reasons MFDR is decreased will be explored next in Chapter 4.
Chapter 4
2-Mass Model and Model of
Nodules
As discussed in Chapter 3, voice patients with vocal-fold nodules have been found
to use a higher subglottal pressure than the normal controls to produce a particular
output sound pressure level (SPL). Because the reasons behind this observation were
not well understood, a two-mass model (Ishizaka and Flanagan, 1972) of vocal fold
vibration was implemented on the computer and modified to incorporate possible
mechanical effects of nodules in an attempt to explain how mechanical differences
can result in aerodynamic and acoustical differences.
Specifically, the modifications made to the model were to: increase the coupling
stiffness ke, increase the masses, and impede the closure of the masses. Increasing
the coupling stiffness k decreased the transfer of energy from the air pressure into
the lower mass and thus decreased the the maximum flow declination rate (MFDR).
The mass increase associated with the nodules had negligible effects on the MFDR.
Impeding the closure of the masses decreased the amount of energy delivered to the
lower mass by the air pressure force and also prevented the abrupt cutoff of air flow
by the lower mass, resulting in a smaller MFDR. In summary, modifications to the
two-mass model provided some insights into the effects of nodules on the vibration of
the vocal folds.
This chapter first presents the background of the simple two-mass model of vocal-
fold vibration. Different modifications of this model to account for the possible effects
of nodules are then described. It is shown how compensating for the reduced sound
output by increasing subglottal pressure results in good acoustics but also increases
the energy dissipated during collision and increases the potential for trauma. A
more recent and accurate aerodynamic model described by Story and Titze (1995) is
incorporated into the two-mass model, resulting in more physiological values of the
MFDR. Using this model, a comparison of selected features of the simulation is made
with actual data from two subjects, one normal and one with nodules.
4.1 Two-Mass Model
The two-mass model is a model of vocal fold vibration in which each vocal fold is
represented by two stiffness-coupled masses. The two masses account for the phase
difference in the motion of the vocal folds in the direction of air flow, as shown
previously in Figure 2-4. The detailed formulation is given by Ishizaka and Flanagan
(1972) and is summarized below. Except for the supraglottal vocal tract model, the
description given below follows (Ishizaka and Flanagan, 1972). The zero reference
for the displacements x1 and 2 2 also differs from (Ishizaka and Flanagan, 1972). The
two-mass model described here will also be referred to as the IF72 model. (Later we
will incorporate an improved aerodynamic model of the glottis from (Story and Titze,
1995) and will refer to this two-mass model as the ST95 model.)
The two-mass model includes a mechanical model of the vocal folds which de-
scribes the motion of the masses due to the interaction of spring, damping, collision,
and pressure forces. The aerodynamic component of the model relates the positions
of the masses to the air flow and pressures. The air pressures in turn enter into the
equations for the mechanical model. These components of the two-mass model will
be described in more detail next.
4.1.1 Mechanical Model
Figure 4-1 shows a schematic diagram of the mechanical model of the vocal folds.
The forces acting on the two masses include spring forces dependent on the positions,
damping forces dependent on the velocities, a coupling spring force between the two
masses, collision forces, and external forces due to the air pressures.
supraglottal region
F 0.3 cm
/ I
direction of air flow
subglottal region
Figure 4-1: Schematic diagram of the two-mass approximation of the vocal folds.
The vocal folds are assumed to be bilaterally symmetrical, and only one side is
described. Let the subscript 1 refer to the lower mass and 2 refer to the upper mass.
The masses are assumed to move only in the x dimension, and xl and x2 are the
displacements of the bottom and top masses from the glottal midline. The equations
of motion of the two-mass model are as follows:
m ix1  = Fkl+Fdl+Fkc+ Fel+ Fico (4.1)
m 2x 2 = Fk 2 + Fd2 - Fkc + Fe2 + F2Col,
where
Fk1, Fk2 are lateral spring forces,
Fdl, Fd2 are damping forces,
Fkc is the spring force due to the elastic coupling of the two masses,
FeI, Fe2 are external forces generated by the air pressures, and
Ficol, F2col are forces generated by the collision with the opposite vocal fold.
The lateral spring forces are related to the displacements with linear and cubic
terms:
Fkl = -ki(xi - Xleq)(1 + T(Xl - Xleq) 2) X1 > 0 (4.2)
Fk 2 = -k 2 (X 2 - X2eq)(1 + 77( 2 - X2eq)2) 2 > 0,
where Xleq and X2eq are equlibrium rest positions of the two masses when the lateral
springs are not stretched, and the coefficient of nonlinearity r is set to a value of
100 cm - 2. The equilibrium rest positions Xleq and X2eq are related to the rest areas
of the glottis by:
Ag0 1 = 2 1gXleq (43)
Ag0 2 = 2 1gZ2eq.
The convention here is that xl = Xleq at rest (spring unstretched), and xl = 0 at
collision (glottal midline). This convention is different from that used in (Ishizaka
and Flanagan, 1972), where x1 = 0 at rest and xl = -Xleq at collision.
The coupling spring force is determined by the relative displacements of the upper
and lower masses:
Fkc = -kc((xl - Xleq) - (X 2 - X2eq)). (4.4)
The damping forces are given by:
Fdl = -() 2Fdl -"- (4.5)
Fd2 = -r2 2,
where the damping coefficients r are computed with the following equations:
r = 2 V 1k (4.6)
r2 = 2 m2 k-2.
When the vocal folds are not in contact, the damping ratios are taken to be 1 = 0.1
and 62 = 0.6. When the vocal folds are in contact, critical damping is modeled by
setting 61 = (1.0 + 0.1) and 62 = (1.0 + 0.6).
In addition to increasing the damping ratio in a stepwise manner at the point of
collision of the masses, an additional spring force due to the deformation of the vocal
folds is also turned on:
Ficol = -hlxl(1 + rcox 2) x 1 < 0
1 (4.7)
F2col = -h 2x 2 (1 + rcolx2) x 2 < 0,
where the nonlinearity constant rco is set to a value of 500 cm -2
The glottal area is the minimum of the glottal areas delimited by the upper and
lower masses. Assuming symmetrical vocal folds, the areas delimited by the lower
and upper masses are:
Agl = max[0, 21,xl] (48)
Ag2 = max[0, 21gX2]
Then the glottal area Ag = min[Agi, Ag2]. Because of numerical instability at small
areas, Ag is clipped at 0.002cm 2 and is not allowed to fall below that value.
The external forces are computed from the pressures acting on the two masses:
Fe = Pmlldl (4.9)
Fe2 = Pm21gd2,
where 19 is the length of the glottis, dl and d2 are the thicknesses of the two masses,
and the pressures are specified in Table 4.2.
Table 4.1 summarizes the values of different constant parameters which were given
by Ishizaka and Flanagan (1972) and used in our simulations. Since the vocal fold
length for an adult female is about 1.0 cm (Titze, 1989), 1, is set to 1.0 cm.
Parameter Value Description
19 1.0 cm length of glottis
di 0.25 cm thickness of mass 1
d2 0.05 cm thickness of mass 2
mi 0.125 g lower mass
m2 0.025 g upper mass
Ao01  0.05 cm 2  rest area 1
Ag02  0.05 cm 2  rest area 2
77 100 cm - 2  coefficient of nonlinearity
TCol0  500 cm - 2  nonlinearity coefficient during collision
1 0.1 damping ratio 1
2 0.6 damping ratio 2
1 1.1 damping ratio 1 (during collision)
62 1.6 damping ratio 2 (during collision)
kl 80000 dynes/cm stiffness of spring 1
k2/ki 0.5 relative stiffness of spring 2
kc/kl 1.5 relative stiffness of coupling spring
hi/kl 3.0 relative stiffness of collision spring
h2/k 2  3.0 relative stiffness of collision spring
Table 4.1: Values of parameters used in the two-mass model. All the values are the same
as those given by Ishizaka and Flanagan (1972), except for Ig which is set to 1.0 cm for the
female vocal folds.
4.1.2 Aerodynamic Model
The equivalent circuit that describes the aerodynamic model for the vocal tract is
shown in Fig. 4-2. Only the vocal tract input impedance of the first formant is
modeled, by a parallel RLC circuit. R, L and C, are assumed to be constant, and are
determined by the first formant frequency F1, the first formant bandwidth B 1, and
the length it and area At of the vocal tract according to the following:
L PAt
C 1 (4.10)(2-7rF)2L
R 1 1
2ir CB 1
In our simulations, we specify F = 860 Hz, B 1 = 80 Hz, It = 16 cm, and At = 3 cm 2 .
In the figure, the resistances R,, R~1, Rv2, R 12 and Re and the inductances Lgi
and Lg2 are functions of the time variant glottal areas Agl(xl(t)) and Ag2(X2(t)) at the
first and second mass, which in turn are functions of the states xl(t) and x2(t) of the
oscillators. In the following, the time parameter for various time variant variables is
dropped for convenience. With reference to the Fig. 4-2, the pressures are computed
as follows:
P U2
P11 = P, - 1.37 A - Lgr2 Agl
P 12 = P 11 - RvUg - Lgx U
P21 = P11 1 2 (4.11)P21 = P12 2 A2 A1g22 U
P 22 = P 21 - Rv2Ug- Lg2Ug
P = P22 - ReUg
The resistances and inductances of the equivalent circuit are given in Eqn. 8
of (Ishizaka and Flanagan, 1972)). These equations assume one-dimensional Bernoulli
flow and pressure recovery at the abrupt expansion of the glottal outlet into the vocal
tract.
U3
I I I I
I I I I
a " I
I I I I II
Contraction Glottis; Expansion 1st Formant
P ' 1, P12 P21 , P22
Force on Force on
Subglottal Oscillator 1 Oscillator 2
Pressure Coupled two-massO l rGlottis parametersOscillator
Figure 4-2: Aerodynamic model of the glottis and vocal tract. Rc and L are the resistance
and inductance associated with the contraction in the cross-sectional area at the inlet to the
glottis. R,1 is associated with the viscous loss in the region of the lower mass. L,1 is the
inductance associated with the air mass in this region. Likewise, R, 2 and L,2 are the resis-
tance and inductance associated with the region formed by the upper mass. R 12 takes into
account the pressure change at the junction between the two masses. Re is associated with
the pressure recovery at the abrupt expansion of the glottal outlet. R, L, and C determine
the supraglottal vocal tract model. P, is the subglottal pressure and can be varied to simulate
the glottal waveform Ug = U1 + U2 + U3 .
Rc = 1.37 p2A 
RI = 12 zdl
R, 2 = 12 d2
R12 = 2 2R 2 2 A(4.12)
R = 2 1 Ag2 II
e p2A A,At A,
LC = P , 
( dx
pdlLgi = A
pd2
Lg2 = A2Ag2
The pressures acting on the masses are specified in Table 4.2. When the masses
are open, the pressures are an average of the pressures calculated from Equations 4.11.
When either or both masses are closed, the table shows the pressures that would be
acting on each mass. This table is similar to Equation 14 in (Ishizaka and Flanagan,
1972).
Table 4.2: Pressures acting on the two masses during different configurations of the two
masses for the IF72 model.
X1 X2 IPm1 Pm2
x 1 >0 X2 > 0 (P 1 + P 12 ) (P2 1 + P2 2)
x1 5 0 X2 > 0 P 0
x 1 >0 X2 <0 P P
X1 5 0 X 2 0 P, 0
Finally, a system of ordinary differential equations in 7 variables is obtained.
si(xl) and s2(x 2) refer to the combination of spring forces Fk and Fcoj. The glottal
volume velocity flow is Ug and its derivative is U,.
x1 = V1
vji -(Fi - riv 1 - s1(xl) - ,(xl - x 2))
m1
i2 = V2
1
2 -(F 2 - r2v2 - s2(x2) - k(Zx2 - X1))
m2 (4.13)
*09 Rtot R 1
=U V + P,Ltot Ltot LtotU1 =
S(Ug - U1 - U2)
SR
U2 =- ,U1,
where
Rtot = Rc + RI + R 2 + R 12 + Re (4.14)
Ltot = Lc + Lg + Lg2.
This system of differential equations can be integrated over time using the Runge
Kutta method. An adaptive step-size algorithm described in (Press et al., 1988) is
implemented using C++. Between two sample points, whose time spacing is deter-
mined by the sampling rate, one or more intermediate points are computed, and the
state of the model and related variables are written to file at the time sample points.
The step size at which the system proceeds between two sample points depends on
a comparison of a fifth and sixth order polynomial approximations of the integrated
time functions. The distance in state space is computed which represents the differ-
ence of the two approximations. If this distance is too large according to a threshold
value, the step size is reduced and the step redone until the two approximations are
within a specified error threshold. (Wilhelms-Tricarico, unpublished)
4.1.3 Simulation of Nodules
Histological sections of vocal nodules reveal that the lesion is located in the super-
ficial layer of the lamina propria and consists primarily of edematous tissue and/or
collagenous fibers. According to Hirano (1981), nodules increase the mass of the
cover of the vocal fold. The stiffness of the cover is increased by a hard and firm
nodule and decreased by a soft and pliable one. The mechanical properties of the
transition layers and the muscle are not affected by the nodule.
The simple two-mass model can be adapted to capture some of these effects of
nodules on vocal fold vibration and sound generation. Specifically, the following
modifications are made:
1. Increasing mass: this simulates the increased mass due to the nodule.
2. Increasing kc: the propagation of the mucosal wave can be affected by a region
of the fold where kc is increased. The nodule itself or a fibrotic scar on the vocal
fold may increase k,.
3. Impeding closure: the closing of the masses may be impeded due to the nodules
striking each other first before the rest of the vocal folds collide. This effect is
implemented by turning on the extra spring and damping forces due to collision
at the point where the nodules would begin to come into contact, yet allowing
airflow to continue anterior and posterior to the nodules.
Impeding Closure
Figure 4-3 shows a schematic of the top view of the vocal folds with nodules. During
the closure of the vocal folds, the nodules are assumed to hit first and slow down the
inward velocity of the folds. The nodules are assumed to be small enough that they
do not affect the flow anterior and posterior to the nodules.
The two-mass model is modified so that collision forces (extra spring and damping
forces) are turned on early, at the time the nodules make contact, just as if the vocal
folds had collided. If Xnodwid is the width of the nodule, then collision occurs when
x 1 < XiCol or x 2 < X2Col, where xicol = Xnodwid and X2Col = Xnodwid. Then
= -hi(x - xco)(1 + rCoi(xi 
- XiCol)2 )
= -h2(2 - X2Col)(1 + 7Col(X2 - 2Col)2)
X1 XICol
X 2 _ X2Col,
The collision forces apply along the whole length of the vocal folds which
as rigid beams. For simplicity, hi, h2, r 0ol are the same values as before.
In addition, the damping ratios are given as follows:
- 0.1
= 1.0 + 0.1
- 0.6
= 1.0 + 0.6
X1 > X 1 Col
X1 :5 X1 Co
X 2 > X2Col
X 2 - X2Col
are modeled
(4.16)
4.2 Results and Discussion of IF72 Model
4.2.1 Increasing mass
The nodules on the vocal folds are usually small compared to the size of the vocal
folds. Assuming a diameter of a quarter of the length of the vocal folds, 0.25 cm, the
volume of the nodule will be 2_(0.2 cm) = 0.004cm3 . Assuming the same density as
water, this volume has a mass of about 0.004 g. This mass is only 16% of the sum of
the top mass in the model. From the two-mass model simulation, a 16% change in
the top mass results in a minimal change in the MFDR of about 8%.
It is possible that the mass can increase more due to edema, but we will not focus
on that right now.
4.2.2 Increasing kc
It is not known how much kc is increased by the presence of nodules, but we will
examine the effects of doubling kc on the glottal flow as described by the two-mass
Fi co,
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Figure 4-3: Schematic of nodules from top view at
when the two opposite masses are 0.05 cm apart.
is 0.02 cm.
vocal nodules
Anterior
a particular time in the cycle of vibration
The inset shows one nodule whose width
nodule width=0.02cm
model. The actual value of kc may be difficult to measure in a live patient, although
qualitative assessments may be made through observing the mucosal wave propa-
gation velocity. Further mechanical measurements of excised samples may also be
necessary to figure out the stiffness values. In this study, we merely examine the
sensitivity of change in the MFDR to an arbitrary increase in kc of two times.
Ishizaka and Flanagan (1972) described the following effects of increasing k,:
1. Increases the velocity of the mucosal wave and reduces the phase difference
between the two masses.
2. Diminishes the steep falling slope of the flow waveform and makes the wave
more symmetrical and triangular.
3. Increases the build-up time for oscillation to settle to a steady state.
However, no flow derivative waveforms were shown in the paper.
Figure 4-4 shows a glottal flow and flow derivative waveforms simulating normal
voice at a subglottal pressure of 8cmH20, with the k, value taken from (Ishizaka and
Flanagan, 1972).
In Figure 4-5, by increasing kc to two times normal, we observe some of the effects
described by Ishizaka and Flanagan (1972). In addition, the flow derivative waveform
shows that the MFDR is reduced by half as a result of the increase in k,. The AC flow
amplitude is not significantly altered, but the open quotient is increased. A reduction
in half of the MFDR corresponds to a decrease of 6dB for the SPL, a sufficient effect
to account for the lower SPL at fixed subglottal pressure for patients with nodules.
Figure 4-6 shows an analysis of the energy delivered into the lower mass by the
air pressure force. Because the axes are the position of the lower mass and the
force(pressure) acting on the mass, the area circumscribed by each curve represents
the net amount of energy delivered by the air pressure into the mass in one cycle
of vibration. The figure shows that with increased ke, the energy imparted into the
lower mass is reduced. In particular, when k is doubled in this example, the energy
decreased from 370 dynes-cm to 205 dynes-cm, or about 45%.
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lower mass.
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Figure 4-7 shows a schematic and summary of the mechanism. The left shows a
schematic of the normal model, and the right shows a model of nodules represented
by an increased coupling stiffness between the two masses. The increased coupling
stiffness kc reduces the phase difference between the motion of the two masses. The
upper mass is pulled open by the lower mass at an earlier time. As a result of the
opening of the upper area, the pressure Pmi on the lower mass drops at an earlier
time. Less energy is therefore imparted into the lower mass, and on closing, the
maximum closing velocity of the lower mass is decreased. Since the bottom mass
determines the cutoff of the glottal airflow, the MFDR is decreased.
To reiterate, Pmi pushes the lower mass apart and imparts energy into the mass
during the time the upper mass(area) is closed(or small). Because increased kc causes
the upper mass to open earlier, there is less time for energy to be imparted to the
lower mass, which results in a decrease in the MFDR.
4.2.3 Impeding closure
Next we examine the effects on the glottal waveform of nodules impeding vocal fold
closure. The nodules act as shock absorbers by slowing down the closure of the vocal
folds. Figure 4-8 compares the glottal flow and flow derivative waveforms of normal
voice at 8 cmH20 and of the nodule model at the same subglottal pressure. The
nodule size is assumed to be 0.02 cm in width.
The glottal flow and flow derivative waveforms from the nodule model capture
features associated with speakers having nodules. These features could not be repre-
sented by the original two-mass model. The glottal flow has a minimum flow com-
ponent of about 50 cm 3/s, a peak-to-peak AC component of about 250 cm 3/s and a
much reduced MFDR of about 250, 000 cm 3 /s 2 . In addition, there is a slow return
phase associated with the non-abrupt cutoff of the flow, and an increase in the open
quotient.
The inclusion of nodules produces a reduction of the MFDR by about six times
in this model. The SPL associated with the voice with this source would be reduced
by at least 15dB. In fact, it will be reduced more than that because the spectral tilt
Normal Increased kC
-311
kc Ml-
PmlJ,
subglottal region Top mass opens earlier.
Pml (pressure on mass 1) drops
Figure 4-7: Summary of the effects of increased kc (shown on the right). Snapshots of the
models during the opening phase of the cycle are shown. The left shows the normal model,
and the right shows the model of nodules where kc is increased, as indicated by the springs
in bold. With increased kc, the upper mass is dragged open earlier, and the pressure on the
lower mass drops, resulting in a lower amount of energy imparted into the lower mass.
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Figure 4-8: Comparison of simulation of normal voice (top two panels) and simulation with
nodules of width 0.02 cm (bottom two panels) at a subglottal pressure of 8 cm H20. The
MFDR is reduced by six times, a minimum flow component is introduced, the open quotient
is increased, and the return phase is nonabrupt.
of this source extends into the first formant region.
With such a large reduction in SPL and decrease in high frequency energy due to
the spectral tilt, a speaker with nodules may compensate by increasing the effort, or
subglottal pressure. In fact, by increasing the subglottal pressure in this simulation
to 12 cmH20, the MFDR is restored to the original value associated with the normal
model at 8 cmH20. Figure 4-9 shows the glottal flow and flow derivative waveforms
from the simulation. Compared with the normal model, the AC flow is about 30%
larger and the open quotient remains larger than normal. The return phase is now
abrupt, implying that there is no additional spectral tilt and that the high frequency
energy is restored.
Nodules Width=0.02 cm, Ps=1 1900 dynes/cm2
Time [seconds]
x 10s
0.04 0.045 0.05 0.055 0.06 0.065
Time [seconds]
0.07
Figure 4-9: Compensation for the nodules by increasing subglottal pressure to about
12 cm H20. The MFDR is restored to the original value, the minimum flow component
disappears, and the return phase is abrupt.
It appears, therefore, that an increase in subglottal pressure achieves sufficient
compensation to restore the desired acoustics, with differences in only a few aerody-
namic features such as open quotient, AC flow, and average flow.
Unfortunately, increasing the subglottal pressure also increases the amount of
energy dissipated during collision. Figure 4-10 shows a plot of the damping force
versus the lower mass position during the collision of the lower masses. The area
within each curve is equal to the amount of energy dissipated during collision. The
figure shows that with nodules, the amount of energy dissipated, for a particular
MFDR, is about twice as large as normal. This energy dissipation is concentrated in
the tiny region where the nodules meet, and most of the energy is dissipated before
the rest of the vocal folds collide (x1  0). The energy dissipated (friction) may
result in a local temperature increase and potential trauma to the region around the
nodules.
By using the glottal flow derivative waveforms generated by the two-mass model
at various subglottal pressures, we are able to sketch a rough relationship between
the subglottal pressure and the SPL of the sound produced. The SPL is calculated
from the speech waveforms synthesized by formant synthesis using the the glottal flow
derivative waveforms as sources. Figure 4-11 shows the comparison of this relationship
with and without nodules. The simulation results compare favorably with the actual
data from subjects, shown in Figure 4-12. Empirically, the SPL increases at a rate of
8-9 dB per doubling of excess pressure over threshold pressure (Titze and Sundberg,
1992), and this is represented in Figure 4-12 by a line of slope 3/2. Note that this
model does not include the effects of increased k,.
4.2.4 Problems with IF72 Two-mass Model
Even though the IF72 two-mass model has yielded valuable insights about how nod-
ules may affect the glottal flow waveform and sound production, there are a few
shortcomings as listed below.
1. The magnitude of the MFDR for normal voice at a subglottal pressure of
8 cm H20 is about 1, 200, 000 cm 3 /s 2 according to the model, which is much
too high compared to actual measurements on the order of 400, 000 cm 3/s2 .
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Figure 4-10: The damping force on the lower mass versus its position during collision. The
area of the curves represents the amount of energy dissipated in the lower masses during
collision for normal voice at 8 cmH 2O and with nodules at 12 cmH2 O, both with identical
MFDR. Notice that at the lower right point of the curves, where the collision begins, the
magnitudes of the damping force for the two cases are similar. Since the damping force
is proportional to the velocity, the inward velocity just before collision for the two cases
are similar. Thus the increased dissipated energy is not due to increased collision velocity;
rather it is due to the continued sucking in of the vocal folds by the negative Bernoulli force
despite the nodules impeding closure.
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2. Figure 4-6 shows that during the vibration cycle, the maximum negative pres-
sure experienced by the lower mass due to the Bernoulli force can be as high as
35 cmH20, more than four times the subglottal pressure. As Ag1 goes to zero,
the term -1.37 PU becomes the dominant term. This large a Bernoulli force2Agl
may not agree with physical measurements or intuition.
3. As a result of this large Bernoulli force during the closing phase, most of the
energy dissipated in the nodules during collision is due to the inward Bernoulli
force. The velocity on impact is not significantly higher, as can be deduced
from Figure 4-10, where the damping force is proportional to the velocity. Put
another way, the nodules impede the closure of the folds and the Bernoulli
force overcomes this impeding force. Had the Bernoulli force been smaller, to
overcome the impeding force, the lower mass would have to be pushed further
apart during the opening phase so that on closing, the mass has enough kinetic
energy to overcome the impeding force of the nodules. The implication is that
had the Bernoulli force been smaller, the amplitude of vibration would have to
be bigger, as well as the AC flow, in order to overcome the effects of the nodules.
4.3 Improved Aerodynamic Model (ST95)
A modified model with three masses involving modeling of the body-cover layers of
the vocal folds is given by Story and Titze (1995). More importantly, this model also
introduces a new aerodynamic model of the air pressures within the glottis, which is
now adopted for our two-mass model.
Story and Titze (1995) made the following assumptions:
1. The flow detaches at the point of minimum glottal diameter.
2. Bernoulli-type flow exists from the subglottal region to the minimum glottal
diameter.
3. A constant diameter jet exists from the minimum diameter to the glottal exit.
Pressure is considered to be constant in this region.
4. Pressure recovery after glottal exit (expansion and reattachment) follows the
equations derived by Ishizaka and Matsudaira (1972).
From these assumptions, the following results were derived: In the Bernoulli
regime (upstream from point of constriction), the pressure P at the point of cross-
sectional area a is given by:
P = P, - (P - Pi)(am/a)2, (4.17)
where P, is the subglottal pressure, P1 the supraglottal pressure (vocal tract input
pressure), and am the minimum cross-sectional area within the glottis. In the jet
regime (downstream from point of constriction), the pressure is
P = P1  (4.18)
When the two-mass model is in converging configuration, i.e. x 1 > x2, the air
pressures on the two masses are as follows:
Pml = Ps - (Ps - Pi)(x2/xl) 2, (4.19)
Pm 2 = P1
When the two-mass model is in a divergent configuration, i.e. xl < x2, the
pressures on the two masses become
Pm, = Pm2 = Pi (4.20)
As a reminder, Figure 4-13 shows the definitions of various pressures and the
positions of the masses. Table 4.3 summarizes the pressures acting on the two masses
as a function of their positions.
In addition, the aerodynamic model shown in Figure 4-2 is modified by removing
the elements associated with the glottal model (R, 1, Lgl, R 12, R,2, Lg2) as well as the
negative resistance Re associated with the pressure recovery.
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Figure 4-13: xl and x 2 are the displacements of the masses from midline, P and P are
the supraglottal and subglottal pressures, respectively, and Pmi and Pm2 are the intraglottal
pressures on the lower and upper masses, respectively.
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Table 4.3: Pressures acting on the two masses during different configurations of the two
masses for the ST95 model. This table replaces Table 4.2.
4.4 Results and Discussion of ST95 Model
In this section we present the results of the two-mass model using the ST95 aero-
dynamic model. A comparison is first made with the IF72 model, demonstrating
that the ST95 model gives more reasonable values for the MFDR and the negative
Bernoulli pressures. The ST95 model is therefore preferable over the IF72 model.
Experiments of sensitivity to parameter changes to the vocal fold mass, coupling
stiffness, and collision impedance are repeated for the ST95 model to show that the
results are similar to those presented in Section 4.2. Finally, to show the capabilities
and limitations of the model, the parameters of the ST95 two-mass model are modi-
fied to match the aerodynamic and acoustic characteristics of a normal speaker and
a speaker with nodules over a range of subglottal pressures.
4.4.1 Comparison With IF72 Model
By incorporating the improved aerodynamic model into our two-mass model, we ob-
serve a significant change in the simulated glottal flow and flow derivative waveforms,
as shown in Figure 4-14. The MFDR is now closer to physiological values, at around
270, 000cm 3/s2
Figure 4-15 compares the energy diagrams of the IF72 model with the improved
ST95 model. The maximum negative pressure (Bernoulli force) for the ST95 model is
much smaller in magnitude than for the IF72 model. The maximum negative pressure
is only about 1/4 of the subglottal pressure. We believe that this is a more accurate
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Figure 4-14: Glottal flow and flow derivative waveforms from two-mass model with im-
proved aerodynamic model (ST95) simulating normal voice at 8 cm H20.
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et al., 1983).
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Figure 4-15: Comparison of -the lower mass pressure versus lower mass position for two
models: the IF72 model and the two-mass model incorporating the aerodynamic model of
ST95. The Bernoulli (negative) force is not as large for the ST95 model.
4.4.2 Effects of Nodules
We next examine the modifications described in Section 4.1.3 to account for possible
effects of nodules. We show that results obtained with the ST95 model are similar to
the previous results with the IF72 model. In particular, we examine three possible
effects of nodules separately, while keeping other conditions fixed: mass increase,
coupling stiffness increase, and impedance of closure. The mass increase due to the
nodules has a small effect on the MFDR. Increased coupling stiffness kc results in
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decreased MFDR. Impeding the closure of the masses results in decreased MFDR
and loss of high frequency energy in the glottal flow derivative waveform.
Normal reference
The simulated glottal flow waveform in Figure 4-14 has a fundamental frequency
of about 140 Hz, which is low for female voice. The fundamental frequency can be
increased by decreasing the mass, as well as decreasing the glottal area at rest (adduct-
ing the vocal folds). For the reference of normal voice, the lower and upper masses are
decreased to 0.6 times the values in (Ishizaka and Flanagan, 1972) to ml=0.075 g and
m2=0.015 g. The glottal rest areas are set to approximately 0.02 cm 2. Figure 4-16
shows the resulting glottal waveforms, which have a fundamental frequency of about
200 Hz, which is within the typical range of female voice.
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Figure 4-16: Glottal flow and flow derivative waveforms from
normal female voice at 8 cm H20.
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Increasing mass
The approximate mass of the nodule is about 0.004 g, which is about 26 % of the
upper mass (0.015 g). This mass increase in the ST95 model results in a 16 % decrease
in the MFDR, or about -1.4 dB, a relatively small change.
Increasing kc
Doubling kc in the ST95 model to account for the increased stiffness due to the nodules
decreases the MFDR to 0.6 times the value for the normal reference, or about -4.5 dB
difference. The resulting glottal flow and flow derivative waveforms are shown in
Figure 4-17.
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Figure 4-17: Simulating effect of nodules in the ST95 model by doubling the normal coupling
stiffness. The MFDR is reduced to 0.6 times that with no nodules, or about -4.5 dB.
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Impeding closure
Keeping the mass and coupling stiffness unchanged, nodules are added to impede
the closure of the vocal folds. The ST95 model fails to oscillate with nodules of
width 0.02 cm; thus the width is reduced to 0.012 cm. Figure 4-18 shows the glottal
waveforms for the ST95 model with nodules. The MFDR is reduced to 0.45 times the
normal reference or -6.9 dB. The glottal flow has a minimum flow component of about
30 cm 3/s, a peak-to-peak AC component of about 180 cm 3/s and a much reduced
MFDR of about 200, 000 cm 3 /s 2 . In addition, there is a slow return phase associated
with the non-abrupt cutoff of the flow, and an increase in the open quotient.
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Figure 4-18: Simulation of nodules impeding closure in the ST95 model with a width of
0.012 cm. The MFDR is reduced to 0.45 times the normal value, or ..6.9 dB. A nonzero
minimum flow component is present, the open quotient is increased, and the return phase
is nonabrupt.
By increasing the subglottal pressure to about 11 cmH20 to compensate for the
nodules, the MFDR is restored to the normal reference value of about 460, 000 cm 3 /s2 .
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Figure 4-19 shows the glottal flow and flow derivative waveforms after this compen-
sation. Compared with the normal reference, the AC flow is about 20 % larger and
the open quotient is about 12% larger. The return phase is more abrupt after com-
pensation, but is still not as abrupt as the normal voice, implying a larger spectral
tilt than normal.
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Figure 4-19: Compensation for the nodules by increasing subglottal pressure to about
11 cm H20. The MFDR is restored to the normal value, the minimum flow component
disappears, and the return phase is more abrupt. The AC flow and open quotient are larger
than normal.
This compensation results in increased energy dissipation in the region of the
nodules during collision of the masses. Figure 4-20 shows that the energy dissipated
when the nodules are present is significantly larger than the normal reference.
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Figure 4-20: The damping force on the lower mass versus its position during collision for
the ST95 model. The area of the curves represents the amount of energy dissipated in the
lower masses during collision for normal voice at 8 cm H20 and with nodules at 11 cm H 2 0,
both with identical MFDR. The collision velocity is larger for the model with nodules, as
shown by the larger negative damping force at collision (lower right corner of curves).
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4.4.3 Simulation to Match Two Speakers
Using this improved aerodynamic model (ST95), we attempt to match the aero-
dynamic and acoustic characteristics of two subjects. Because the variation across
speakers within the normal and nodules groups is rather large, matching two individ-
ual speakers will show clearer results. The two arbitrarily chosen subjects are cmr, a
patient with nodules, and hbl, a normal control subject. We attempt to match various
features of the two speakers using the ST95 model with a different set of parameters
for each speaker.
Table 4.4 shows a selected list of parameters for the normal control (hbl) and
the patient with nodules (cmr). In general, the parameters are the same as those
used previously with the IF72 model, but a few parameters are varied. The width of
the nodules is assumed to be 0.0185 cm, a reasonable width according to endoscopic
images. The mass of the vocal folds for cmr is assumed to be bigger than for the
normal speaker hbl, simulating some degree of vocal fold edema. The rest area for
cmr is set to a larger value to simulate the non-adducted vocal processes associated
with vocal hyperfunction.
Table 4.4: Parameters used to simulate the aerodynamic and acoustic features for hbl
(normal speaker) and cmr (speaker with nodules).
Figures 4-21 through 4-27 show the results of comparing data from the two speak-
ers and the simulated results for various aerodynamic and acoustic features. In each
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Parameter hbl cmr Description
nodwid (cm) 0.0 0.0185 width of the nodules
19 (cm) 1.0 1.0 length of the glottis
M1 (g) 0.075 0.125 lower mass
M2 (g) 0.015 0.025 upper mass
A0oi(cm 2 ) 0.021 0.041 rest area of lower mass
Ago2(cm 2) 0.0209 0.0409 rest area of upper mass
ki (dynes/cm) 80000 80000 lower mass spring constant
kc/kl 1.5 1.5 coupling spring
F1 (Hz) 860 860 first formant frequency
B1 (Hz) 80 80 bandwidth due to vocal tract
figure, the top panel shows the data measured for the two speakers, whereas the
bottom panel shows the simulation results. We will discuss how well the simulation
results fit the actual data.
Figure 4-21 shows a comparison of the SPL versus subglottal pressure relationship
between hbl and cmr. The data for hbl follow the normal 3/2 power relationship, so
that the line of slope 3/2 fits well to the data. However, the data for cmr has a larger
slope. In addition, cmr is seen to be using higher subglottal pressures to produce a
particular SPL, as previously noted for speakers with nodules. The simulation results
shown in the bottom panel match the actual data relatively well.
Figure 4-22 shows the relationship between the peak-to-peak AC flow and the
subglottal pressure. In general, the AC flow increases with the subglottal pressure.
The simulation results show the same trend, although the AC flow tends to be larger
for a particular subglottal pressure, by as much as 200 cm 3/s, and rises faster with
increase in subglottal pressure.
Figure 4-23 shows that the average flow is fairly constant as a function of the
SPL. In other words, when a person talks louder, she would not necessarily lose air
from the lungs more quickly. However, with a patient with nodules, the average flow
is consistently higher. The simulation results reflect this larger average flow for the
speaker with nodules. The simulated results for the normal speaker do not match
very well at low SPLs. For this model, the average flow does increase with SPL.
Figure 4-24 shows the minimum flow over a range of subglottal pressures. For
cmr, the patient with nodules, the minimum flow decreases with subglottal pressure.
This decrease is probably due to two reasons. With increased vocal effort, the vocal
folds may be more adducted, decreasing the glottal chink area. Even with non-
adducted vocal processes, with increased amplitude of vocal fold vibration, the chink
area is decreased. The simulated results show a poor comparison with the actual
data, although there is a similar trend of decrease in minimum flow with an increase
in subglottal pressure for the model with nodules. The absolute amplitudes for the
simulated results are too small. Furthermore, with the normal speaker hbl, there is
a nonzero minimum flow, but the simulation shows no minimum flow because the
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Figure 4-21: SPL versus subglottal pressure of two speakers (cmr and hbl) and simula-
tion results. The lines have slopes of 3/2, representing empirical relationships previously
reported.
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Figure 4-23: Average flow versus SPL of two speakers (cmr and hbl) and simulation results.
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two-mass model does not incorporate a fixed cartilaginous chink which is common in
women.
Figure 4-25 shows that the open quotient for cmr is larger than for hbl. In addition,
whereas the open quotient decreases with increased subglottal pressure (vocal effort)
in a normal speaker such as hbl, it remains flat for cmr. The simulation results show
a larger open quotient for the model with nodules. However, the open quotient tends
to be smaller in the model than in the actual data. Furthermore, the open quotient
does not decrease as a function of the subglottal pressure in the normal model.
Figure 4-26 shows a comparison of the fundamental frequency as a function of
SPL for the two speakers. Although the fundamental frequency is not significantly
different on average between the normal and nodules groups, there is a substantial
difference between the two individual speakers hbl and cmr. Because of this difference,
the vocal fold mass for the model of hbl is set to a smaller value than that of cmr.
Therefore the simulation results show a higher fundamental frequency for the normal
speaker than for the speaker with nodules. However, the frequencies of the simulation
results do not match the actual data very well. The greater mass of cmr can come
partly from the nodules and more importantly, from the vocal fold edema commonly
associated with nodules.
Figure 4-27 shows that the acoustic feature H1-Al tends to decrease with increas-
ing SPL and is generally higher for cmr than hbl. As we recall, HI-Al is on average
higher for speakers with nodules because H1 is increased due to increased AC flow
and Al is decreased due to increased first formant bandwidth. The simulation results
show that H1-Al is larger for the model with nodules. However, the match is not very
good at some points. In particular, for the normal voice, Hi-Al never becomes more
0 dB, in contrast with the actual data. When a normal female speaker is speaking
softly, the vocal folds may not close abruptly, leading to increased spectral tilt which
extends into the first formant region, causing Hi-Al to become more than 0 dB. This
effect is not accounted for in the two-mass model which closes abruptly.
We again consider the amount of energy dissipated during collision for the normal
model and the one with nodules when identical values of SPL are produced, this time
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simulating two specific subjects hbl and cmr. Figure 4-28 shows a plot of the damping
force versus the lower mass position during the collision of the lower masses. The area
within each curve is equal to the amount of energy dissipated during collision in one
cycle.
Identical SPLs are produced for the normal model at a subglottal pressure of
8 cm H20 as for the nodules model at 17 cm H20. A slightly higher MFDR of
(700, 000 cm 3/s 2) than for the normal model (500, 000 cm 3 /s 2) was necessary to pro-
duce the same SPL because the vocal folds never completely close and there is in-
creased spectral tilt which affects the first formant amplitude.
The amount of energy dissipated per cycle during collision of the vocal folds is
about 20 dynes-cm for the normal model and 140 dynes-cm with nodules, a factor of
7 times. Again, this energy is mostly being dissipated in the region of the nodules,
since the rest of the folds do not actually touch in this case, and the potential for
trauma to the vocal folds is greatly increased.
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Figure 4-28: The area of the curves represents the amount of energy dissipated in the
lower masses during collision for normal voice (hbl) at 8 cm H20 and with nodules (cmr)
at 17 cm H20, both with identical SPL. The collision velocity is larger for the model with
nodules, as shown by the larger negative damping force at collision (lower right corner of
curves).
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Chapter 5
Conclusions
One goal of this thesis was to characterize speakers with vocal-fold nodules using
objective measures such as aerodynamic and acoustic features. The other goal was to
improve the modeling of the pathological voice associated with nodules, and to use
this modeling to further our understanding of the pathophysiology of vocal nodules.
We will summarize the main contributions of the thesis and show how progress has
been made towards these two goals. As is often true in research, many more questions
remain to be answered, and we will also touch on possible areas of further research.
5.1 Main Contributions
5.1.1 Aerodynamic and Acoustic Features
Simultaneous aerodynamic and acoustic measurements of a group of 14 speakers with
vocal nodules and 12 normal controls have been analyzed to characterize the average
intergroup differences and the intragroup variability for each aerodynamic or acoustic
feature.
At comfortable voice, aerodynamic features are significantly different on average
for the nodules group (at p=0.001), whereas acoustic features are not significantly
different (at p=0.001) except for SPL, H1-H2, the amplitude difference between the
first two harmonics, and A1-A3, the amplitude difference between the first and third
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formants. The fraction of data p, associated with speakers with nodules which are
more than 1.96 times the standard deviation from the normal mean is a measure of
how well separated the two populations are for a particular feature. Even though SPL,
H1-H2, and A1-A3 are significantly different statistically, the effect size is small, as
reflected by the small p (0.21, 0.13, and 0.08, respectively). The difference in means
for SPL is 1.8dB, for H1-H2 is 1.3dB, and for A1-A3 is -2.4dB. In contrast, pn for
the aerodynamic features ranges from 0.8 to 0.29. The aerodynamic features ranked
in order of p, are subglottal pressure, average flow, open quotient, minimum flow,
AC flow, and MFDR. It is easier to differentiate the nodules group from the normal
group using aerodynamic rather than acoustic features. The results for aerodynamic
features agree with previous findings (Hillman et al., 1989), but acoustic features have
not been reported previously.
By performing linear regression on the acoustic features with SPL as the indepen-
dent variable, the two groups can be better separated. For example, the difference in
group means for H1-A1 increases to 4.1dB from 1.6dB, and p, increases to 0.18 from
0.02.
Using linear discriminant analysis, tokens from the normal and nodules group can
be classified with a best error rate of about 4%, with errors spread evenly between
false positives and false negatives. The aerodynamic measures, in particular subglottal
pressure and adduction quotient, give much better discrimination than the acoustic
measures.
The presence of a glottal chink can widen the first formant bandwidth. The glottal
chink is in fact on average larger by about 1.3-1.6 times for the patients with nodules.
However, because of increased subglottal pressures and flows, the glottal resistance
is increased and the bandwidth is on average larger only by about 1.1 times. This
contributes to an average reduction in the SPL of only about 1dB. Had the pressures
not been elevated, the reduction in SPL would have been 2.3-4.1dB.
It is not clear if the spectral tilt is increased based on acoustic features. After
regression with SPL, the mean H1-A3 is 2.4dB larger and the mean A1-A3 is 1.7dB
smaller for the nodules group compared with the normal group.
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5.1.2 Computer Modeling
We looked at the original two-mass model proposed by Ishizaka and Flanagan (1972)
and the newer aerodynamic model proposed by Story and Titze (1995). The ST95
model, which assumes a jet regime downstream from the point of minimum constric-
tion in the glottis, gave more physiological values of the MFDR.
The two-mass model was modified to include the effects of nodules, including mass
increase, coupling stiffness increase, and impedance of the vocal fold closure due to
the nodules hitting first. The mass increase due to the nodules has negligible effects
on the MFDR. Increased coupling stiffness and impeding of closure by the nodules
have significant effects on the MFDR.
The two-mass model, with nodules that impede closure, appears capable of pro-
ducing glottal flow waveforms which reflect some aerodynamic and acoustic observa-
tions of speakers with vocal nodules. In particular, a good match is found for the
following features:
1. Higher SPL versus subglottal pressure relationship.
2. Higher open quotient.
3. Higher average flow.
4. Higher AC flow amplitude.
5. Minimum flow component at low subglottal pressures.
6. Higher Hi-Al vs. SPL. The higher Hi-Al is thought to be due to a combination
of larger H1 and larger first formant bandwidth which lowers Al.
Modeling shows possible mechanisms in which vocal-fold nodules can decrease the
MFDR (hence SPL) for a given subglottal pressure.
1. Decreased energy imparted to the lower mass due to premature opening of the
upper mass is one cause of the decrease in MFDR (SPL).
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2. Impeding the closure of the masses decreases the abruptness of the flow cutoff,
leading to less MFDR/SPL and loss of high frequencies in the speech spectrum.
3. The energy dissipated during collsion per cycle of vibration can be calculated
from the work done by the damping force during collsion. The energy dissipated
during collision is increased due to the nodules impeding the closure, and this
energy dissipation may be concentrated primarily at the site of the nodules.
4. Thus modeling suggests a possible vicious cycle where increased subglottal pres-
sure is used to compensate for the presence of the nodules, with good results in
the acoustics of the voice, but with increased potential for trauma to the vocal
folds, increased fibrosis, and maintenance of the nodules.
From these initial results of modeling, we have demonstrated how useful modeling
can be to study voice pathologies.
5.2 Future Directions
Future efforts may be directed at the following areas:
1. Understanding why some patients exhibit acoustical differences (increased H1-
Al), but others do not. In particular, a modified Rothenberg mask has been
developed which allows simultaneous endostroboscopic measurements of the
glottal area, flow measurements, and acoustic measurements (Kobler et al.,
in press). Simultaneous measurements will allow us to explore the reasons some
patients exhibit differences from normal and some do not. Possible factors in-
clude nodule size, incomplete closure, and amplitude of vocal fold vibration.
2. Understanding the energy considerations better and determining the possible
etiologic significance of increased dissipation of energy during collision.
3. Extending the model to describe other voice disorders.
4. Besides steady state aerodynamic and acoustic characteristics, the time-varying
characteristics should be examined. In particular, patients with vocal nodules
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tend to have pitch or loudness breaks at inappropriate times in speech which
are perceptually noticeable, but difficult to detect automatically.
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